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Three anaerobic digestion trials were conducted to evaluate methane production 
from feedlot manure.  As organic matter content of manure decreased, degradation of 
manure and methane production also linearly decreased (P ≤ 0.02).  Quality, or organic 
matter content of manure, had a greater impact on anaerobic digestion than diet (with and 
without distillers grains) fed to cattle.  Minerals in manure are concentrated in effluent 
removed from anaerobic digesters.   
Knowing mineral retention within cattle allows for more accurate calculation of 
mineral excretion in manure.  Three serial slaughter trials measured mineral retention in 
growing and finishing cattle.  During a growing phase, beef cattle gaining 1.10-1.18 kg/d 
retained 6.8 g Ca, 3.9 g P, 0.24 g Mg, 1.2 g K, and 0.73 g S/100 g protein gained.  
Retention of minerals during the growing phase was not affected by diet fed to cattle (P ≥ 
0.20).  Finishing beef cattle, gaining 1.63-2.02 kg/d retained 7.9-17.3 g Ca, 3.2-6.2 g P, -
0.027-0.41 g Mg, 0.48-2.9 g K, and 0.29-1.9 g S/100 g protein gained.  Retention of Mg, 
K, and S during the finishing period was greater (P ≤ 0.02) for cattle grown slowly (< 0.6 
kg/d) during the growing phase.  Retention of minerals was also measured in Holstein 
steers serially slaughtered every 28 d after 226 days on a finishing ration.  Mineral 
 
 
retention was not affected by addition of zilpaterol hydrochloride in the finishing ration 
when retention was expressed relative to protein gain (P ≥ 0.14).  Retention of Ca, P, Mg, 
K, and S linearly decreased (P < 0.01) over days on feed when expressed as g/d.  
Expressing retention relative to protein gain resulted in no differences across days on 
feed (P ≥ 0.11) averaging 14.4 g Ca, 7.5 g P, 0.45 g Mg, 1.3 g K, and 1.0 g S/100 g 
protein gained.  In all trials, expressing mineral retention relative to protein gain allowed 
for better comparisons of mineral retention across a range of weights and ADG.        
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CHAPTER 1 
LITERATURE REVIEW 
Introduction 
 Management of feedlot manure is becoming a larger responsibility as more 
regulations are imposed to protect water, both surface and groundwater, from manure 
contamination.  Manure is an excellent source of minerals and organic matter, and is an 
excellent fertilizer for crop production when appropriately applied to crop fields.  In order 
to apply manure in a sustainable way to meet crop nutrient requirements, it is necessary 
to know the mineral content of manure.  Nutrient content of manure is typically 
calculated as intake of nutrients less the amount of nutrient retained in the animal.  Intake 
is routinely and accurately measured.  Therefore, if retention is accurate and known, then 
accurate predictions of minerals in manure can be accomplished.   
Anaerobic digestion of manure is an alternative to spreading raw manure onto 
crop fields.  Anaerobic digestion uses manure and produces methane, which is captured 
as energy, and effluent, which is a mineral rich fertilizer.  As organic matter is degraded 
within anaerobic digesters, minerals become concentrated in the effluent, allowing for 
less material to be hauled to crop fields as fertilizer.  In the past, anaerobic digesters have 
been used extensively in dairy and swine operations, with very little adoption by feedlot 
operations.  Feedlot manure is the most plentiful type of manure in Nebraska.  If 
anaerobic digestion is to be prevalent in Nebraska it will need to be implemented at 
feedlot operations.  The objective of this review is to present the basic concept of 
anaerobic digestion, using cattle manure as the feeding material, and describe differences 
between designs in biogas production and overall efficiency.  The mineral content of 
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feedlot manure is important whether raw manure or effluent is being used as fertilizer on 
crop ground.  Thus, the second part of the review will focus on cattle requirements for 
minerals and retention of these minerals within cattle.  Procedures used to measure 
mineral retention and a review of values for mineral retention from the literature are 
presented. 
Microbial Community and Environment 
Anaerobic digestion of manure has been researched and implemented on farms 
successfully for hundreds of years.  Biogas was used for heating bath water in 10
th
 
century Assyria, which is modern day Turkey and Iraq (Jemmett, 2006).  Anaerobic 
digestion of cattle manure was occurring in 1808 when Sir Humphry Davy determined 
that methane was a component of the biogas being produced (Jemmett, 2006).  Anaerobic 
digestion is a proven science that is based on simple parameters, but actually designing 
and running a digester is quite complex.  The process of anaerobic digestion involves 
anaerobic microbes breaking down organic matter into intermediate substrates that can 
then be utilized by a second population of microbes and turned into biogas.  Biogas is a 
blend of methane and carbon dioxide with some trace amounts of ammonia, hydrogen 
sulfide, and water (Franco et al., 2007).  The methane that is produced can be converted 
into electricity, as well as heat, thus the goal is to maximize methane production.  The 
basic biology behind an anaerobic digester is the same as anaerobic digestion and 
methanogenesis within a ruminant animal’s digestive tract or within coral reefs in the 
ocean; however, in most of these systems methane production is seen as an inefficient 
process and is minimized.  Within all of these systems, different intermediate substrates 
are produced and utilized, countless microbes are present, but the end products are the 
9 
 
same.  Each of these systems is quite different and there are many different anaerobic 
digester designs in order to account for differences in material “feeding” the digester.   
Microbial pathways involved in anaerobic digestion  
Organic materials are constantly being broken down and utilized by organisms 
throughout nature.  One of the most common biological processes in nature is the 
production of biogas from organic matter in the absence of oxygen (Mata-Alvarez et al., 
2000).  There are numerous pathways and thousands of microbial species that work 
together to produce methane.  Within an anaerobic digester, the process of converting 
organic matter into methane is broken down into 3 main steps.  The original substrate 
going into the reaction is organic matter and the final product being produced is methane, 
but each of the steps must be completed in the correct order and in a balanced way for 
methane to be produced.  The first step, acidogenesis, converts complex organic matter 
into intermediary products, primarily volatile fatty acids such as acetate, propionate, and 
butyrate.  The organic matter is composed of a mix of lipids, proteins, and carbohydrates.  
Acidogenesis is completed by fermentative bacteria (Franco et al., 2007).  After 
acidogenesis, acetogenic bacteria convert volatile fatty acids with more than 2 carbons to 
acetate, carbon dioxide, and hydrogen gas, this step is called acetogenesis.  Finally, 
methanogenic bacteria convert the acetate to methane.  Methanogens are also able to 
convert hydrogen and carbon dioxide into methane.   Approximately ¾ of the methane 
produced comes from the cleavage of acetic acid into methane and carbon dioxide (FAO, 
1997).  Each of these reactions is happening simultaneously and continuously throughout 
the system.  In order to avoid a buildup of intermediate products, the methanogenic 
bacteria must be utilizing these products as substrates for methane production at the same 
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rate as they are produced by fermentative and acetogenic bacteria.  The intermediary 
products are primarily acids, so a buildup results in a decrease in pH within the digester.  
Acetate is a weaker acid than butyrate or propionate, but it does not take much of any of 
these acids to alter pH, depending on buffering within the system.  Methanogens are 
sensitive to pH and will not function if pH drops below 6.0.  A neutral pH of 7 is ideal for 
maximum methane production.  Targeting a pH of 6.7 to 7.4 is sufficient to support 
methane production (Franco et al., 2007).  If pH begins to decline, methanogens are less 
active, which leads to a further buildup of acids and larger decrease in pH.  This can be a 
destructive cycle that must be monitored and avoided within an anaerobic digester. 
Inhibition of anaerobic digestion  
Anaerobic digestion can be inhibited by a buildup of products, such as acids, that 
then lower pH.  Accumulation of other compounds, such as hydrogen sulfide or 
ammonia, can also be toxic to anaerobic bacteria.  Angelidaki and Ahring (1993) studied 
ammonia inhibition of anaerobic digestion and found that 4 g of N per L of digester 
material inhibited digestion.  Severe inhibition of methane production was seen at 6 g N 
per L of digester.  After dilution, the cattle manure used as a substrate contained 1.5 g of 
N per L of manure, thus control digesters had N concentrations equal to 1.5 g per L.  For 
the two treatment groups NH4Cl was added to the manure in order to have 4 or 6 g N per 
L of manure.  Methane production in control digesters was approximately 0.2 L of 
methane per g OM fed and dropped to 0.05 and 0.02 L of methane per g OM fed for the 4 
and 6 g N digesters, respectively.  In a second experiment, control digesters were fed 
manure containing 2.5 g N per L and the two treatments were addition of NH4Cl to equal 
6 g N per L of manure or the gradual increase of N in the digesters from 2.5 to 5 g N per 
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L, with increases occurring every 30 days.  Control digesters were fairly stable at 
approximately 0.2 L methane per g of OM fed.  Addition of 6 g N per L resulted in a 
sharp decline in methane production to 0.05 L methane per g OM fed.  Gradually 
increasing N concentration in digesters allowed some adaptation time for microbes.  
After the increase to 4 g of N, methane production decreased to approximately 0.15 L 
methane per g of OM fed.  Thirty days later methane production was increasing when N 
concentration was increased to 6 g N per L of manure.  This resulted in a further decrease 
in methane production to approximately 0.1 L methane per g OM.  By the end of 200 
days, all digesters with NH4Cl added had similar methane production, approximately 0.15 
L per g OM fed, and were steadily increasing.  This suggests that given enough time, 
microbes can adjust to the changing environment and may be able to handle larger 
amounts of ammonia, if ammonia concentration is kept fairly constant.  Methanogens 
utilizing acetate as a precursor to methane were more sensitive to ammonia than 
hydrogen utilizers.  Results from other articles suggest that ammonia inhibition is 
influenced by multiple factors such as temperature, pH, retention time (RT), and previous 
exposure to ammonia (Hashimoto 1986; Zeeman et al., 1985). 
 Some compounds that are common in animal rations can also be inhibitory to 
methane production within an anaerobic digester.  Monensin, a commonly fed beef 
additive, is an ionophore that changes microbial population dynamics within the rumen 
and ultimately makes the animal more efficient (Richardson et al., 1976).  By disrupting 
H
+
 ion transfer across the cell membrane of gram-positive bacteria, feeding monensin 
results in greater amounts of propionate being produced within the rumen, which is more 
energy dense than acetate when utilized by the animal (Perry et al., 1976; Richardson et 
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al., 1976).  Monensin has been used to improve feed efficiency of both pasture and 
feedlot cattle and prevent coccidiosis.  Monensin is washed out of the rumen, is present in 
cattle manure, and appears to still be active for an undetermined amount of time within 
the manure (Donoho, 1984; Herberg et al., 1978).  Chlortetracycline is an antibiotic that 
is used primarily to decrease occurrence of liver abscesses in feedlot cattle (Bohman et 
al., 1957; Hungate et al., 1955).  Several studies have looked at the effects of monensin 
and chlortetracycline within anaerobic digesters.  Varel and Hashimoto (1981) measured 
methane yields from cattle manure with cattle fed either chlortetracycline, monensin, or 
no feed additive.  Initially, chlortetracycline reduced methane production by 
approximately 20%.  Monensin addition resulted in no methane production for the first 
12 d after manure containing monensin was added to digesters.  During this time, digester 
pH decreased and volatile acid concentrations increased.  Over time, microbial 
populations within the digesters were able to adapt.  After 40 days, methane production 
was similar in control and chlortetracycline digesters.  After a 180 d period, methane 
production was not significantly different between all 3 treatments.  The concentration of 
methane within biogas produced was also affected, with monensin addition, the amount 
of methane within biogas also dropped to approximately 30%.  With chlortetracycline 
addition, methane remained at least 50% of the biogas.  The number of methanogens 
present in each type of digester was not directly influenced by monensin.  Instead, the 
substrates used by the methanogens, especially hydrogen and formate, were decreased, 
suggesting that microbes involved in acidogenesis and acetogenesis were affected.  
 The microbes involved in anaerobic digestion are also very sensitive to 
temperature, especially methanogens.  There are three main classifications of microbes 
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based on activity at different temperatures (Parajuli, 2011).  The first is psychrophilic and 
consists of microbes able to function at temperatures below 25°C.  These microbes are 
prevalent in outdoor lagoons and in areas where temperatures drop in the winter.  The 
second group of microbes is most active at temperatures within 25-38°C.  These are 
mesophilic bacteria and represent a majority of the microbes present in anaerobic 
digesters.  For this reason, digesters are typically maintained at temperatures between 25-
38ºC.  The third group, thermophilic bacteria, prefers temperatures of 43-55°C.  This 
group of microbes is more efficient, faster growing, and are capable of producing more 
biogas from a given amount of substrate.  However, there is an added cost of maintaining 
the higher temperature and economics typically favor the slower microbes within the 
mesophilic temperature range (Parsons, 1984).  It is important to note there is a gap 
between the temperature preferred by mesophilic and thermophilic bacteria.  Operating 
an anaerobic digester within this range of 39-42°C may greatly reduce methane yields 
due to inactive mesophilic and thermophilic bacteria.   
Maintaining a balanced and diverse microbial community within the digester is 
key to maximizing methane production and organic matter degradation.  Different 
pathways utilized and intermediate substrates produced in this process are highly variable 
and dependent on the microbial population present in the digester.   
Anaerobic Digester Designs 
 Anaerobic digester designs are numerous and range from simple backyard 5 
gallon drums to multi-million dollar projects that can handle thousands of tons of manure 
per year and produce several MW of electricity.  Several engineering companies are 
involved in the anaerobic digester industry and provide assistance and expertise to 
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feedlots or dairies wanting to implement anaerobic digestion on their farm.  A few of 
these companies include Mannvit and British Biogen in the United Kingdom, Himark 
Biogas in Canada, and RCM digesters in the United States.  Each company has many 
different designs that are capable of handling different types of substrate and different 
environmental conditions.  The design of anaerobic digesters needs to take into account 
the temperature the digesters will operate at, how long material will be held within the 
digester (retention time; RT), and how, or if, the material will be mixed within the 
digester.  Much research has been conducted to identify ideal operating temperatures and 
RT for different substrates.  There is very little limit to the types and combinations of 
substrates utilized in anaerobic digestion. 
Temperature and loading rate effects   
In the 1970s and 1980s, research was conducted on the effects of temperature on 
methane production within anaerobic digesters.  A series of experiments looking at 
degradation of cattle manure was conducted at the U.S. Meat Animal Research Center 
(USMARC) near Clay Center, Nebraska during this time period (Varel et al.1977; Varel 
et al., 1980; Varel and Hashimoto, 1981).  The first experiment studied only thermophilic 
temperatures ranging from 55 to 65°C (Varel et al., 1977).  These digesters were 
maintained at 55°C at initiation and were then adapted to 60°C within 8 days.  Increasing 
the temperature from 55 to 60°C resulted in increased efficiency and greater methane 
yields.  Digesters maintained at 55°C produced 0.217 L of methane per g of OM fed or 
1.45 L of methane per d for each L of digester volume.  At 60°C digesters produced 
0.225 L of methane per g of OM fed or 1.51 L of methane per d for each L of digester 
volume.  Further increasing the temperature to 65°C lowered efficiency and resulted in 
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dramatically reduced methane yields.  The 65°C digesters produced 0.186 L of methane 
per g of OM fed or 1.24 L of methane per d for each L of digester volume.  Methane 
yields reported are an average of 5 consecutive daily samples.  They concluded that 60°C 
is close to the ideal temperature in order to maximize methane production.  As 
temperature increased, the amount of methane within total biogas produced decreased 
from 57.5% at 55°C to 52.9% at 65°C.  The amount of OM destruction or degradation of 
OM also decreased from 44.6% to 38.9% as temperature increased from 55 to 65°C.  
This suggests that higher temperatures, up to 60°C, increase total methane produced, but 
the lower 55°C promoted more complete digestion of substrate, or cattle manure (feces 
and urine collected off a concrete surface). 
To more fully understand the effects of temperature on anaerobic digestion 
another study was completed utilizing a larger range of temperatures from 30 to 65°C, 
with 5°C differences between digesters (Varel et al., 1980).  The digesters maintained at 
30 to 45°C were considered mesophilic while the 50 to 65°C digesters were considered 
thermophilic.  Substrate loading rates also varied by using different RT— 3, 6, 9, 12, and 
18 d.  When using an 18 d RT, temperature did not have a large impact on methane 
production.  With the shorter RTs, increasing temperature up to 55°C resulted in 
increased methane production.  Further increasing temperature to 60 and 65°C resulted in 
decreased methane production.  This suggests that temperature becomes more important 
when utilizing a higher loading rate by shortening the RT.  In general, they found greater 
OM destruction as temperature increased up to 60°C and as RT increased.  They 
concluded that maintaining temperatures higher than 50°C is unjustified and may result 
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in a net energy loss due to the increased energy demands of maintaining the digester at 
those high temperatures. 
Other researchers have verified these results.  Utilizing a constant RT of 15 d, 
Ahring et al., (2001) reported 0.200 L methane per g OM fed per d for digesters at 55°C 
compared to 0.165 mL methane per g OM fed per d for 65°C.  The three-tube MPN 
method was used to count microbes (de Man, 1975), specific methanogenic activities 
were tested using methods published by SØrensen and Ahring (1993), and bacteria were 
identified using ribosomal oligonucleotide probes of the 16s RNA.  They measured 
decreased activity for glucose, acetate, butyrate, and formate utilizing bacteria at the 
higher temperature.  Methanogens actually showed increased activity at the higher 
temperature, but the overall microbial community was better balanced in the 55°C 
digesters.  Biogas produced by the higher temperature digesters was also of poorer 
quality, only 45% methane compared to 65-71% in the 55°C digesters.  In a separate 
study, they found that pathways utilizing hydrogen as a substrate for methane synthesis 
were most active at 65°C, formation of methane from propionate was fastest at 55°C, and 
ideal conditions for utilization of acetate, butyrate, or formate were intermediate at 60°C 
(Ahring, 1994). 
Safley and Westerman (1994) found that methane yields from dairy and swine 
manure decreased linearly as temperature decreased from 23 to 10°C. Achu Nges and 
Jing Liu (2010) studied anaerobic digestion of sewage sludge at 55 and 37°C.  Overall, 
thermophilic and mesophilic digesters had similar methane yields, about 0.32 L methane 
per g of OM fed per d.  Thermophilic digesters had greater biogas production, but 
mesophilic digesters had greater concentration of methane within the biogas.  
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Effect of mixing   
The amount and intensity of mixing that occurs within an anaerobic digester is 
another factor that influences methane production.  By only mixing anaerobic digester 
contents for 10 minutes prior to both extraction of effluent and feeding of fresh substrate, 
methane production was improved by 12.5% compared to digesters that were 
continuously mixed (Kaparaju et al., 2008).  Not mixing digester contents for 2 h before 
both effluent removal and feeding also increased methane production by 1.3% compared 
to continuously mixed digesters.  The ideal mixing intensity appears to depend on OM 
loading rate.  When digesters are fed large quantities of substrate (90% OM, 15 d RT), 
minimal mixing may improve methane production while lower loading rates (60% OM, 
20 d RT) may be better suited to gentle mixing (35 times per minute).  Vigorous mixing 
(110 times per minute) is not advantageous in either situation (Kaparaju et al., 2008).  
One possible explanation for enhanced methane production with less mixing in a high 
substrate environment is with less mixing there is less microbial attachment to feed 
particles which can slow fermentation and keep pH elevated.  This may result in a better 
balance between microbial species and allow methanogens to utilize acids as quickly as 
they are produced.  
Manure Collection affects Quality 
The quality of manure collected dictates the type of design that should be used for 
anaerobic digestion and how complete manure degradation will be.  Manure is highly 
variable, especially across species.  How the manure is harvested, how animals are 
housed, and diet all affect the DM and OM content of the manure.  The quality (DM and 
OM) of the manure then dictates how it needs to be handled and if other materials should 
18 
 
be mixed with the manure to make it more degradable.  Just within cattle manure, there 
are large differences in manure from barn pits, deep-bedded barns, or open lots.  With 
open lots there is further variation due to what area of the pen the manure came from, 
how often manure is harvested, and environmental conditions while manure is on the pen 
surface (Kissinger et al., 2006; Wilson et al., 2004). 
Dairy cattle manure   
Typically, “pure” manure is utilized for anaerobic digestion.  This means manure 
that is collected in a pit or off some sort of concrete surface.  Some research has been 
done on utilizing manure from open lot pens with a soil surface.  Belcher (2011) 
conducted a study looking at manure quality and biomethane production potential of 
dairy manure from different areas of open lot pens.  Biomethane production potential is a 
lab test useful in comparing different types of manure, similar to lab tests such as 
biochemical oxygen demand or chemical oxygen demand (Angelidaki et al., 2009).  
Oxygen demand tests measure the amount of oxygen needed to completely degrade the 
OM within manure.  Biomethane production potential measures the amount and type of 
OM within manure and calculates the amount of methane that could potentially be 
produced from that OM.  This study was conducted near Roswell, New Mexico at 23 
different dairies.  Temperatures during the study regularly reached 38°C with low 
humidity and winds up to 30 mph.  When manure is on open, soil surfaces these 
environmental conditions have a large impact on manure quality.  Manure was collected 
from three different areas:  pits under the milking parlor, daily scrapings from the feed 
apron or cement pad directly behind feed bunks, or weekly scrapings from the entire soil 
surface of pens.  The DM content of these 3 different types of manure ranged from 13% 
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for milking parlor flush manure to 60% for whole pen scrapings.  Milking parlor manure 
had 70% OM, daily scraped manure from the cement pads was 67% OM, and weekly 
whole pen scrapings were 47% OM.  The biomethane production potential for these 3 
types of manure were 0.32, 0.28, and 0.18 L of methane per g of OM fed for milking 
parlor, cement pad, and whole pen manure, respectively.  They found that while it is 
possible to utilize open lot manure scraped from soil surfaces for anaerobic digestion, 
utilizing cleaner manure from both the milking parlor and scraped from the cement pad 
resulted in more efficient methane production.  In this case it was more economical to 
utilize the cleaner manure without soil contamination for anaerobic digestion and land 
apply the soil-contaminated manure onto crop fields.  Utilizing the very wet (13% DM) 
milking parlor flush manure for anaerobic digestion on site and transporting the drier 
(60% DM) pen scrapings for field application also reduced transportation costs.  
Feedlot cattle manure  
Across the U.S., a large majority of feedlot cattle (> 90%) are raised in outdoor, 
soil-based pens.  Manure collection to limit soil contamination becomes very important 
when trying to utilize this manure as a substrate for anaerobic digestion.  Time of year 
greatly impacts amount of manure collected, with 89% more manure DM collected per 
head after a winter feeding period compared to a summer feeding period, but both winter 
and summer manure averaged 24% OM (Kissinger et al., 2006).  Cleaning pens monthly 
instead of once per feeding period also increases the total amount of manure removed 
from pens, but does not greatly impact the concentration of OM within the manure, thus 
more OM is removed from the pens with more frequent cleaning (Wilson et al., 2004).  A 
very thorough description of feedlot pen surfaces was done by Mielke et al. (1974).  
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Major factors affecting OM concentration within the manure are weather, including 
rainfall, wind and temperature, stocking rate which affects cattle trampling, cattle diet, 
and frequency of pen cleaning.  In pens that had housed cattle for at least 2 years, 
increasing stocking rate increased OM content of the manure.  This may be due to greater 
compaction of the underlying pen surface and better separation of the upper layer of 
manure from the soil surface.  Feedlot pens are built to slope away from the feed bunk 
toward some sort of runoff retention pond.  Manure collected from the upper end of pens 
near the feed bunk contained greater amounts of OM than manure collected near the 
bottom of pens.  Samples from 4 Nebraska feedlots averaged 25.3% OM in manure 
removed from the pens.  This varied from 9.7% OM in recently cleaned pens to 35.4% 
OM within the manure mound in the pen.  More recently, Kissinger et al. (2007) did a 
similar characterization, sampling feedlot pens every time a new group of cattle were 
brought in.  Samples taken from 244 pens over 10 years also averaged 25% OM, 
suggesting that there has been very little change in feedlot soil surfaces in the past 35 
years.  Both studies were conducted at feedlots within Nebraska and suggest there can be 
substantial variation in manure characteristics between operations.  Gilley et al. (2008) 
measured feedlot soil properties in 4 pens at the U.S. Meat Animal Research Center near 
Clay Center, NE.  They divided pens into 3 areas, relative to the feed bunk.  Samples 
taken close to the feed bunk had greater concentrations of OM, presumably due to cattle 
spending more time in this area.  However, there was also greater trampling or packing of 
manure in this area.  Although these studies did not measure biomethane production 
potential of manure the results suggest that biomethane production potential would be 
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greater for manure collected near the feed bunk, similar to findings by Belcher (2011) in 
dairy lots.   
Enhancing manure quality   
Several other factors affecting methane potential of manure have been studied.  
Using straw as bedding in cattle pens or barns will affect manure quality.  Moller et al. 
(2004) found that adding 10 g of straw to 1 kg cattle manure resulted in a 10% increase in 
methane production.  Decreasing straw particle size further increased methane 
production.  Mata-Alvarez et al. (2000) also concluded that decreasing fiber particle size 
within manure increases methane yields, improves degradation, and decreases time 
needed to degrade.  Chemically treating the fiber within manure with sodium hydroxide 
can also enhance degradation and thus, methane production.  Diet energy content and 
digestibility greatly affect manure composition.  Kissinger et al. (2007) measured OM 
content of manure from cattle on concentrate based finishing diets; Moller et al. (2004) 
measured OM content of manure from dairy cattle on various forage based and 100% 
forage diets.  Feeding a blend of forages and concentrates increases OM content of 
manure compared to manure from cattle fed only forages (Kissinger et al., 2007; Moller 
et al., 2004).  Urine to feces ratio is another important component of manure quality.  
Increasing the ratio of urine to feces typically improves methane yields, until ammonia 
inhibition becomes an issue (Creamer et al., 2008).   
Methane Production and Benefits of Capture 
Measuring methane production   
Actual methane production is always less than theoretical methane production due 
to inefficiencies in the anaerobic digestion process (Franco et al., 2007).  All of the 
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organic matter will never be completely degraded within an anaerobic digester.  
Measuring and quantifying how much methane will be produced from manure is a 
driving economic factor that determines if an anaerobic digester is a feasible addition to 
an operation.  How methane production is measured is important, but how it is expressed 
is equally important when deciding on digester design, including temperature and RT.  
Methane yields from anaerobic digestion are typically expressed as either L of methane 
per g of OM fed to the digester or L of methane per L of digester volume per day.  Varel 
et al. (1977) reported methane production both ways when looking at how RT affected 
both methane production and OM destruction.  When methane production was expressed 
per g of OM fed, with a shorter RT (3 d compared to 12 d) methane production was 
decreased because OM was less degraded within the digester with the shorter RT.  
Conversely, when expressing methane production per L of digester, methane production 
was maximized with shorter RT.  When designing a digester it is important to take into 
consideration if it is more important to get as much methane from the substrate as 
possible with longer RT (greater than 20 d), or if increasing total methane produced is 
more important, accomplished with shorter RT (less than 12 d).  Typically there is 
compromise and utilizing intermediate RT (15-18 d) yields adequate methane with 
adequate substrate degradation while not stressing the microbial population to the point 
of hindering biogas yield.  Inhibitory compounds, such as ammonia, monensin, or a 
buildup of acids are more problematic with shorter RT because the system is already 
under stress and changes can easily disrupt the delicate balance.   
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Benefits of anaerobic digestion   
Economics typically drive the decisions behind digester designs.  The amount of 
time that can be spent collecting manure and processing it into high quality manure, RT 
within the digester, and temperature maintained within the digester are all factors that 
influence methane production.  There has to be a balance between financial inputs to 
create an ideal environment for anaerobic fermentation and financial returns from those 
inputs in terms of methane produced. 
 A significant benefit of anaerobic digestion is capturing and utilizing methane as 
an energy source instead of allowing it to volatize into the air as a greenhouse gas 
(GHG).  Amon et al. (2006) found that anaerobic digestion of manure decreased methane 
emissions from 92.4 kg CO2 eq. per m
3
 to 37.9 CO2 eq. per m
3
.  Anaerobic digestion was 
more effective at decreasing methane losses than slurry separation, slurry aeration, or 
straw covers.  Odors from manure storage can also be minimized through anaerobic 
digestion. 
 Microbes found in anaerobic digesters primarily utilize carbon within manure.  
Fertilizer components, such as nitrogen, phosphorus, and potassium are largely 
unaffected and still available for crop application after the digestion process.  Field et al., 
(1984) reported nearly 100% recovery of total Kjeldahl N after anaerobic digestion.  
Recovery of phosphorus was also nearly 100%, however; plant available phosphorus was 
decreased by approximately 19% during the digestion process.  Potassium, calcium, and 
magnesium recoveries in the effluent were nearly 100%.  Synthetic, or inorganic sources 
of fertilizer, provide nutrients or minerals for crop production without adding any OM to 
the soil.  Effluent typically contains half as much OM as the original manure, and 
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minerals are concentrated within the effluent.  There are many benefits of adding OM to 
the soil with manure application, if OM is being depleted in the soil.  Buildup of OM can 
come from many sources, including manure or crop residues.  Applying OM above 15 
mg C/g of soil DM reduces decomposition of OM within the soil (Helgason et al., 2005).  
The degradation of OM during the anaerobic digestion process releases some minerals 
that would be available to crops over subsequent years if manure were applied to the crop 
ground, making effluent more rich in first year available N compared to manure (R. 
Stowell, personal communication).  Thus, effluent can be as good of a crop fertilizer as 
the original manure, depending on soil properties of the land.   
Digesters remain one of the simplest methods of producing and capturing energy, 
yet the microbial pathways and interactions within digesters are quite complex.  Materials 
used as substrate for energy production are highly variable which lead to numerous 
digester designs, all of which are more compatible with certain types of substrate.  
Different designs are used to create more favorable environments for better and more 
complete fermentation of substrate and subsequent methanogenesis.  Methanogens are 
highly sensitive to changes in environmental conditions such as pH, temperature, loading 
rates, and buildup of toxic compounds.  They have however, shown some ability to adapt 
to new environments when given enough time.  Some compounds that are common in 
animal diets can also hinder methane production.  The type of operation manure is 
collected from, environmental conditions manure is exposed to, and how the manure is 
collected all affect manure quality, which will determine the amount of methane 
produced.  Anaerobic digesters are effective at capturing and utilizing GHG emissions 
from manure while turning out high quality fertilizers.  Having an appropriate digester 
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design is critical in order to maximize financial profit from the digester through a balance 
of minimizing input costs and maximizing methane production.  Inputs are highly 
variable between operations, creating a need for individualized plans. 
Mineral Retention 
Minerals within manure are concentrated during the anaerobic digestion process.  
Mineral content of manure can vary due to amount of mineral present in the diet and 
availability of these minerals to the animal.  In order to accurately predict mineral 
excretion from cattle and make valuable recommendations on mineral availability within 
manure, knowing mineral retention is critical.  Developing better estimates of mineral 
retention allows for better estimates of manure nutrient values. 
Mineral requirements 
Mineral requirements of growing and finishing beef cattle are composed of the 
requirement for maintenance in addition to the requirement for gain.  Seven minerals are 
required by cattle in gram quantities and are classified as macrominerals; they include 
calcium, chlorine, magnesium, phosphorus, potassium, sodium, and sulfur.  Minerals 
required in milligram or microgram quantities are classified as trace minerals and include 
cobalt, copper, iodine, iron, manganese, molybdenum, selenium, and zinc.  The beef 
NRC (1996) also includes nickel and chromium as trace minerals while the dairy NRC 
(2001) includes chromium and fluorine as possible trace minerals and briefly mentions 
the role of nickel in urease activity.  A large majority of mineral research has focused on 
Ca and P requirements, with fewer resources being devoted to studying K, Mg, S, Cl, Na, 
or trace minerals.  The following discussion will concentrate on requirements for 5 of the 
7 macrominerals (Ca, Mg, P, K, and S) and metabolism of them within cattle. 
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 Maintenance requirements consist of levels necessary to sustain life, without 
additional needs being met for growth, lactation, or reproduction (Mitchell, 1947).  It is 
very difficult to separate growth and maintenance requirements for young, growing 
calves.  Maintenance requirements have been measured using metabolism trials with 
cattle fed varying concentrations of minerals, at various stages of age and growth with 
careful measurements of both mineral intake and excretion.  The maintenance 
requirement is then calculated as (endogenous losses, g / true digestibility) × 100 
(Hansard et al., 1954). 
Requirements of minerals to support growth in beef cattle are calculated from 
mineral retention measured in serial harvest trials.  The most extensive trial to date was 
conducted by Ellenberger et al. (1950) measuring carcass composition changes in 132 
dairy cattle (Ayrshires, Holsteins, and Jerseys, predominantly sired by Holstein bulls) 
ranging from a 135 d old fetus to a 12 yr old cow.  Each carcass was broken down into 
individual tissues, ground, sampled, and analyzed for mineral composition (Ca and P).  
These were summed for total body mineral content.  Retention of minerals was then 
calculated relative to younger cattle.  Recommendations for Ca and P requirements for 
gain in the beef NRC (1996) are exclusively based on data presented in Ellenberger et al. 
(1950).  Minerals that are retained in the body are assumed to be meeting the requirement 
for gain (Satter et al., 2002).  In the NRC (1996) these needs are expressed relative to 
protein gain for Ca and P. 
Mineral requirements are typically measured as a given amount, or mass, required 
per day.  For practical purposes, this requirement is used to calculate the concentration of 
mineral that should be fed in the diet.  Requirements for minerals in the diet are largely 
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affected by availability of those minerals.  Likewise, amount of mineral in the diet affects 
how much is utilized or absorbed from the diet to meet requirements.  Mitchell (1947) 
recommended that all mineral requirements be expressed relative to intake, as the 
requirement for most minerals is highly dependent on the amount of feed consumed.  The 
dairy NRC (2001) surmises that availability of minerals has a larger impact on mineral 
requirements than any other factor.  Methods used to measure mineral availability are 
important.  Hansard et al. (1951; 1954; 1957) utilized radioisotope balance studies to 
measure endogenous losses, true digestibility, and maintenance requirements of Ca in 
cattle.  Similar methods were used by Tillman et al. (1959) studying P requirements. 
Calcium 
Age is an important factor in determining maintenance requirements for Ca.  
There is very little absorption of Ca in animals after maturity, even with readily available 
Ca in the diet.  There is a breaking point between 30-d and 6-mo old cattle, with Ca 
requirements for maintenance going from 0.68 to 2.0 g per 45.4 kg BW per d and then 
above 4 g per d per 45.4 kg BW after reaching maturity.  The small amount of 
endogenous loss for young, growing calves is in excess of requirements for gain.  As 
cattle age, the requirement for maintenance becomes greater than the gain requirement, 
most notable after 6-mo of age (Hansard et al., 1954).  The maintenance requirement is 
then expressed relative to BW in order to take into account both size and age of animals.  
The beef NRC (1996) lists the maintenance requirement for Ca in beef cattle as 15.4 
mg/kg BW. 
The Ca requirement for gain in beef cattle is estimated to be 7.1 g/100 g protein 
gain in the NRC (1996).  Rumsey et al. (1985) measured Ca retention in Hereford steers 
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in 2 separate experiments.  In Exp. 1 (Rumsey et al., 1981), Ca retention was greater for 
steers supplemented with diethylstilbestrol, 7.53 g/100 g protein gain, compared to 
control cattle, 4.95 g/100 g protein gain.  There were no differences in Ca retention due to 
treatment (administration of Synovex-S implant and supplementation with kiln dust) in 
Exp. 2 (Rumsey et al., 1982).  Calcium retention in Exp. 2 averaged 1.74 g/100 g protein 
gain, ranging from 0.17 to 3.19 g/100 g protein gain.  This is much lower than values 
reported by Ellenberger et al. (1950) or the NRC (1996). 
Calcium content of bones has been measured by several researchers.  Beighle et 
al. (1993) measured 20.4% Ca, on a DM basis or 34.5% of ash, in rib bones.  Engels 
(1981) measured fluctuating Ca levels in rib bones of grazing beef cows going from a 
low of 25.8% in August while lactating, to a high of 38.2% Ca in July while gestating but 
not lactating, reported on a DM basis.  Williams et al. (1991) measured Ca content of 
metacarpal bones which were 37.1% Ca on an ash basis or 25.1% Ca on a DM basis.  
Ellenberger et al. (1950), Meigs et al. (1935), and Field et al. (1974) measured Ca content 
of the entire skeleton; their results were 15.9, 20.1, and 23.0% Ca on a DM basis, 
respectively.  Wu et al. (2001) concluded that the ash portion of bone should be relatively 
constant and contain approximately 36% Ca. 
Calcium absorption, or availability of Ca within the diet, is largely impacted by 
age of the animal.  Hansard et al. (1954) showed 99% true Ca absorption in 10 d old 
calves on an all milk diet.  True absorption decreased to 41% in 6 mo calves and 22% for 
mature cows.  Calves at 6 mo of age were on very similar rations as mature cows, 
removing the possibility of a diet effect.  Apparent Ca absorption, calculated from the 
difference between Ca intake and Ca excretion, suggests mature cows were in a negative 
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Ca balance, or excreted more Ca than they consumed.  True digestibility, measured using 
radioisotopes, revealed 41% of Ca fed was absorbed, of which 38% was retained.  With 
an additional turnover of 14% out of bones, approximately 1/3 (or 5 g in this trial) of 
dietary Ca was utilized by mature cows.  These cattle were fed diets containing relatively 
high amounts of Ca, and endogenous losses were assumed to be equal to maintenance 
requirements.  Other researchers (Huntington, 1983; Goetsch and Owens, 1985; Martz et 
al., 1990) have suggested that relying on endogenous losses overestimate Ca 
requirements, as no differences in cattle performance, bone growth, or strength were 
measured when feeding levels below those calculated to be required by Hansard et al. 
(1957).  Most likely, older animals have lower ability to absorb Ca and also have lower 
Ca requirements, leading to less Ca being utilized.  Which factor is the greater cause of 
decreased absorption as cattle age is unclear.   
Calcium absorption is also influenced by the form of the Ca.  Hansard et al. 
(1957) evaluated 15 different sources of Ca in a 109 study summary and concluded that 
inorganic Ca sources were slightly more available than Ca from alfalfa, lespedeza, or 
orchard grass hay.  The authors allowed that this could be due to interactions with protein 
in the feeds.  However, differences in Ca absorption due to source were not large and 
were more apparent in older animals.  The beef cattle NRC (1996) uses 50% availability 
of Ca in all feeds whereas the AFRC (1991) uses 68%.  The dairy NRC (2001) uses 30% 
for Ca availability from forages and 60% for concentrates.  There is some variation due to 
source and no clear consensus on what value should be placed on Ca availability, or if 
multiple values should be used.  Martz et al. (1999) measured endogenous excretion of 
Ca and true absorption of Ca in corn silage diets using dry dairy cows.  Endogenous 
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losses averaged 8.23 mg/kg of BW per d, which is approximately ½ the amount reported 
by Hansard et al. (1957).  True absorption was 34-44%, similar to values used by the 
dairy NRC (2001).  Martz et al. (1990) measured fecal endogenous Ca excretion of 31 
mg/kg BW daily in alfalfa and corn silage diet using lactating dairy cows.  This is very 
similar to fecal endogenous Ca losses measured by Hansard et al. (1957) and reported by 
the NRC (1996).  True absorption of Ca in this experiment was 42% for corn silage diets 
and 25% for alfalfa hay based diets; suggesting that the dairy NRC (2001) is correct in 
assigning different values to forages and concentrates. 
Magnesium 
Magnesium requirements for maintenance are estimated as 3 mg Mg/kg 
liveweight (NRC, 1996).  Most reference books list total Mg requirements relative to 
intake (percent of diet DM) or as g/d and do not separate into requirements for growth 
and maintenance.   
The Mg requirement for gain is estimated to be 0.45 g Mg/kg gain (NRC, 1996).  
Together with maintenance requirements, this is then equal to approximately 0.10% of 
diet DM for growing and finishing cattle.  Mayland (1988) recommends 8-10 g Mg/d for 
beef cattle, 4-8 g/d for calves, 20-25 g/d for lactating beef cows, and 30 g/d for dairy 
cows.  With an 11.4 kg intake, 11.4 g would be equal to 0.10% of diet DM.   
Magnesium is primarily found in the bone tissue of ruminant animals, with 65-
70% of whole body Mg found in the bone, 15% in muscle, an additional 15% in other 
soft tissues, and approximately 1% in extracellular fluids (Mayland, 1988).  Beighle et al. 
(1993) measured Mg content of rib bones which averaged 0.55% Mg on a DM basis, or 
0.94% of the ash.  Engels (1981) measured Mg content of rib bones over time in grazing 
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beef cows.  Magnesium content fluctuated between 0.38% Mg in January while cows 
were lactating to 0.74% Mg in July while cows were gestating, but not lactating (DM 
basis).  Williams et al. (1991) measured Mg content of metacarpal bones, averaging 
0.36% Mg on a DM basis. 
Rumsey et al. (1985) conducted 2 experiments measuring mineral retention 
(including Mg) in beef steers.  Hereford steers, on a high concentrate diet for 177 d with 
or without the use of diethylstilbestrol, were utilized in the first experiment (Rumsey et 
al., 1981).  Magnesium content of the total empty body was not affected by treatment and 
averaged 9.3% of ash.  Retention of Mg was affected by treatment because 
diethylstilbestrol supplemented cattle had greater gains, and thus greater Mg retention, 
1.89 and 3.14 g/d, for control and diethylstilbestrol supplemented cattle, respectively.  
This is equal to 1.68 and 2.18 g Mg/100 g protein gain for control and diethylstilbestrol 
supplemented cattle, respectively.  The second experiment (Rumsey et al., 1982) utilized 
Hereford steers on a high concentrate diet for 126 d, with or without a Synovex-S implant 
and with or without kiln dust supplementation.  Magnesium content of the total empty 
body was not affected by treatment and averaged 9.3% of ash.  There was a wide range in 
Mg retention in the total empty body, but no statistical differences due to treatment.  
Magnesium retention averaged 0.77 g/d or 0.74 g/100 g protein gain (ranging from 0.20 
to 1.40 g Mg/100 g protein gain). 
Magnesium absorption is affected by other minerals in the diet, primarily nitrogen 
and potassium.  High levels of K in pastures limits uptake of Mg by plants as well as 
absorption of Mg by ruminants (Mayland, 1988).  Low levels of Na in the diet may 
increase K concentration in rumen fluid, which then causes decreased Mg absorption.  
32 
 
Pastures fertilized with N supply rumen microbes with excess N which is metabolized 
into NH3 and other compounds.  High levels of NH3 in the rumen have also been shown 
to decrease Mg absorption (Mayland, 1988).  Energy supplementation in these situations 
provides carbohydrates (CHO) for microbial synthesis, which uses excess N, reducing the 
impact of NH3 on Mg absorption.   Similar to Ca, Mg absorption has been shown to 
decline with age.  A review of 4 trials by Peeler (1972) indicates Mg availability varies 
from 23-26% for forages and 33-38% for concentrates in cows. 
Phosphorus 
 Phosphorus requirements for maintenance were calculated using metabolism trials 
with fecal endogenous losses of P used to predict the requirement for maintenance 
(Tillman et al., 1959; Challa and Braithwaite, 1988).  The NRC (1996) estimates P 
requirements for maintenance to be 16 mg/kg BW.  Tillman et al. (1959) determined that 
different response criteria suggest different requirements for P.  Weight gain, feed intake, 
and efficiency were all increased with increasing amounts of P in the diet, from 1.5 to 2.5 
g/45.4 kg BW daily.  In contrast, bone growth and plasma inorganic P were not affected 
by level of P in the diet.  Performance parameters are more sensitive to P level while 
bone deposition and blood P levels are more tightly regulated and not hindered by P 
levels as low as 1.5 g/45.4 kg BW daily.  Tillman et al. (1959) also concluded that P 
requirements are greatly affected by intake level as P is used in microbial digestion of 
organic matter.  Thus, they recommended P requirements be expressed relative to intake, 
or as a percent of diet.  The NRC (1996) expresses P maintenance requirements relative 
to BW, requirements for gain relative to protein gain, and overall recommendations for 
feeding P as a percent of diet DM. 
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 The P requirement for gain is estimated to be 3.9 g/100 g protein gain (NRC, 
1996).  Rumsey et al. (1985) summarized 2 experiments measuring mineral retention in 
Hereford steers, using serial slaughter of the whole animal.  In Exp. 1 (Rumsey et al., 
1981), steers supplemented with 20 mg diethylstilbestrol per head daily had greater P 
retention, 0.50 g/100 g protein gain, than control steers, 0.34 g P/100 g protein gain.  In 
Exp. 2 (Rumsey et al., 1982), P retention averaged 0.11 g P/100 g protein gain, did not 
differ by treatment, and ranged from 0.02 to 0.22 g P/100 g protein gain.  This is much 
lower than values reported by Ellenberger et al. (1950) or the NRC (1996). 
Phosphorus within bone has been measured by several researchers.  Ellenberger et 
al. (1950) reported the overall skeleton was 7.39% P, on a DM basis.  Moulton et al. 
(1923), as reported by Ellenberger et al. (1950), found the skeleton to average 7.51% P 
on a DM basis.  Meigs et al. (1935), also reported in Ellenberger et al. (1950), found the 
skeleton to be 9.93% P, on a DM basis.  Beighle et al. (1993) measured 10.9% P in rib 
bones, on a DM basis; Wu et al. (2001) measured the 12
th
 rib and found it to contain 
9.7% P, on a DM basis.  Engels (1981) measured P content of rib bones from cows 
grazing P deficient pastures with or without a P supplement.  Phosphorus content of rib 
bones varied from 9.4% P for P deficient, lactating cows in June to 17.8% P for gestating 
but not lactating cows in July receiving a P supplement, all reported on a DM basis.  Wu 
et al. (2001), Beighle et al. (1993), Williams et al. (1991), Geisert et al. (2010), and 
Ellenberger et al. (1950) all reported the P content of bones as a percent of the ash 
content of these bones.  This ranged from 16.3 (metacarpal bones; Williams et al., 1991) 
to 18.4% of ash (whole skeleton; Ellenberger et al., 1950).  Wu et al. (2001) concluded 
that the ash portion of bone should be relatively constant and contain approximately 17% 
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P, this is equal to 7.5% P on an as-is basis.  Wu et al. (2001) suggested that below this 
level demineralization can occur resulting in decreased bone strength and complications. 
Cohen (1973) found that P content of rib bones from yearling Angus × Hereford 
steers was positively correlated to P content of pastures they were grazing over a 12 
month period; r = 0.97.  With increasing amount of P available to animals, bone content 
of P increased linearly.  However, P content of pastures was low, ranging from 0.043 to 
0.107% P, and the response may have been due to cattle being P deficient.  The authors 
hypothesized that the response would have become sigmoid in shape, had P content of 
the diet been increased. 
 Phosphorus absorption, or availability in the diet, is dependent on many factors, 
including form, requirements of cattle, and interactions with other minerals in the diet.  
Peeler (1972) gives a list of 21 factors that influence utilization of P by cattle, and 
concludes that under similar circumstances most sources are effectively utilized by cattle.  
The beef NRC (1996) assumes 68% absorption of P for all feeds whereas the AFRC 
(1991) uses 64% absorption for forages and 70% for concentrates.  The dairy NRC 
(2001) also uses multiple values ranging from 64 to 70% for forages and concentrates.  
Martz et al. (1999) measured endogenous excretion of P and true absorption of P in corn 
silage diets using dry dairy cows.  Endogenous losses averaged 7.23 mg/kg of BW per d, 
slightly lower than reported by Tillman et al. (1959).  True absorption was 85-94%; 
higher than values used by most reference books (AFRC, 1991; NRC, 1996; NRC, 2001).  
Another study conducted by Martz et al. (1990) measured true absorption of P in 
lactating dairy cows as 64% in alfalfa diets and 75% in corn silage diets, very similar to 
values reported by the dairy NRC (2001).  Tillman et al. (1958) observed no statistical 
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differences in absorpotion of P, measured as fecal endogenous excretion and true 
digestibility, from phosphoric acid and dicalcium phosphate.  True digestibility was 75% 
for 14 mo old Hereford steers on a wintering diet consisting of 40% cottonseed hulls, 
20% beet pulp, and 10% alfalfa meal.  These diets were formulated to simulate a low 
quality wintering ration in which P may be deficient.   
Potassium 
 Potassium requirements have not been as thoroughly studied as other 
macrominerals and requirements given in the NRC (1996) are simply stated as a 
concentration within the diet and are not broken down into maintenance and growth 
requirements or amounts per d.  These recommendations come from feeding trials 
measuring performance of cattle fed different concentrations of K.  The NRC (1996) 
estimates K requirements for feedlot cattle at 0.6% of diet DM and slightly lower, 0.3 to 
0.4% of diet DM for growing cattle grazing range, due to a lower rate of gain compared 
to feedlot cattle.  Typically, forage contains adequate amounts of K to support cattle 
growth; actively growing grass usually contains 1-4% K.  Winter range or dormant 
forages can be deficient in K, as low as 0.3% K, with cattle responding to a K supplement 
with increased growth or milk production (Karn and Clanton, 1977).  Rumsey et al. 
(1985) measured K retention in beef steers in 2 separate experiments.  In Exp. 1 (Rumsey 
et al., 1981) the total empty body of Hereford steers averaged 4.0% K.  Potassium 
retention was greater in cattle receiving diethylstilbestrol, 1.15 g/d, compared to control 
cattle, 0.76 g/d.  This is equal to 0.68 and 0.80 g K/ 100 g protein gain, for 
diethylstilbestrol and control cattle, respectively.  In Exp. 2 (Rumsey et al., 1982) the 
total empty body of Hereford steers averaged 4.2% K, and was not affected by treatment 
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(administration of Synovex-S implant and Kiln dust supplementation).  There were no 
differences in K retention due to treatment, but a large range in K retention was measured 
from 0.10 to 0.88 g K/d.  This is equal to 0.10 to 0.75 g/ 100 g protein gain.  Karn and 
Clanton (1977) found K maintenance requirements to be 2.9 g/100 kg BW daily.  St. 
Omer and Roberts (1967) concluded that the maintenance requirement for K was higher, 
5.2 g/100 kg BW daily.  Bennick et al. (1968) measured K content of beef cattle lean and 
internal organs.  Internal organs averaged 13.8 g K/kg fat free dry solids while lean 
muscle averaged 14.0 g K/kg fat free dry solids.    
 Less work has been done on potassium availability than some of the other 
macrominerals.  Peeler (1972) concluded that K present in most feedstuffs, as well as 
chloride, sulfate, phosphate, carbonate, and acetate forms are all well utilized by ruminant 
animals with few differences noted due to source.  Forage based diets typically provide 
sufficient amounts of K, but high concentrate diets may need K supplementation (Karn 
and Clanton, 1977). 
Sulfur 
Similar to the requirement for K, the requirement for S is typically given as a 
concentration within the diet instead of broken down into maintenance and gain 
requirements.  These recommendations come from feeding trials measuring performance 
of cattle fed varying dietary S.  The NRC (1996) concludes that S requirements have not 
been well defined by research and estimates that beef cattle require 0.15% of diet DM as 
S.  High levels of S may be of greater concern as S toxicity can occur when cattle 
consume water or feed that is high in S.  The amount of S that can be tolerated by cattle is 
dependent on several factors including forage NDF in the diet (Morine et al., 2014; 
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Nichols et al., 2013) and source of S, if it is bypass or rumen available S (Sarturi et al., 
2013).  Most diets provide sufficient amounts of S; in recent years with the boom in 
ethanol production and subsequent increase in feeding of distillers grains, S toxicity has 
become a larger concern (Drewnoski et al., 2014). 
Peeler (1972), in a review of literature, found that sulfur from sodium sulfate in 
ruminant diets is 54% available while elemental sulfur is 31% available and methionine 
sulfur is 100% available.  Much of the S fed to ruminants is converted to sulfide within 
the rumen and absorbed through the rumen wall.  Sulfate is poorly absorbed in the rumen 
or intestinal tract.  Sarturi et al. (2013) proposed the concept of ruminally available S, 
based on availability of different inorganic and organic sources of S.    Kahlon et al. 
(1975) utilized an in vitro system to measure S availability to ruminal microorganisms by 
measuring in vitro protein synthesis.  They ranked 8 sources of S in order of availability 
with L-methionine being the most available (100%) and methionine hydroxy analog the 
least (29%). 
Measuring Mineral Retention 
 Two primary methods of measuring mineral retention within cattle have been 
used, serial harvest and balance trials.  Each method has advantages and disadvantages, 
each is useful for different reasons and is used to measure different things. 
Serial Harvest 
 Serial harvest data are useful in measuring changes in cattle over time.  A crucial 
assumption or limitation with serial harvest data is the ability of researchers to identify as 
similar of a group of cattle as possible at the onset of the trial.  All measurements made 
during the trial are relative to a subset of cattle harvested at initiation of the trial, which 
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are considered equal, or at least representative, of the entire group of cattle at that time.  
After treatments have been imposed, another group of cattle is harvested, with results or 
measurements all compared back to the original group of harvested cattle.  With careful 
consideration of this limitation, researchers are able to identify and use very similar 
animals during serial harvest trials; however, there will always be some degree of animal 
to animal variation that cannot be accounted for.  Characteristics that should be accounted 
for include age, weight, sex, breed, and body composition.  Serial harvest trials using 
cattle are very costly, labor intensive, and difficult to manage.  There is inherent variation 
in the measurements made in serial harvest trials due to the difficulty in precisely 
measuring each component of such large animals.  The utmost care must be taken to 
collect meaningful data, but it is very difficult, nearly impossible, to remove variation due 
to measurement technique when using serial harvest.  Inherent variation in serial harvest 
measures is evident throughout both this literature review and the following chapters with 
large variation in measurement of mineral retention, large standard error, and frequently 
no differences due to treatment. 
Balance Trials 
Another method of measuring changes in cattle over time is through metabolism, 
or balance, studies.  Metabolism studies are frequently utilized to study underlying causes 
of results observed in larger performance trials.  Metabolism trials are usually completed 
with a limited number of animals due to the intensive measurements that are made.  The 
collection of meaningful data from metabolism trials requires careful attention to detail 
throughout the trial.  All diets must be mixed precisely with intakes carefully monitored 
and recorded.  Excretions from the animal must also be carefully collected, weighed, and 
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sampled.  Data coming from metabolism experiments are as valuable as the care that 
went into making the measurements.  Certain biological processes within the ruminant 
animal, such as hindgut fermentation, urinary excretion, and salivary excretion, make 
mineral retention particularly difficult to measure.   
Comparison of Methods 
Duncan (1958) pointed out that results obtained from either serial harvest or 
metabolism studies should be identical; however, the two methods are rarely used to 
validate each other.  Duncan (1958) reports 2 exceptions.  Drepper (1956) measured N 
retention in rats using both techniques and found that nitrogen retention measured using 
serial harvest was 40% less than N retention measured as the difference between intake 
and excretion.  In a similar study, Nehring (1957) measured 55% less N retention in rats 
using serial harvest compared to a metabolism study.  Duncan (1958) concludes that the 
balance method of measuring mineral in and out, does not give valid results and serial 
harvest, when done diligently, gives more reliable retention within the animal.  Duncan 
(1958) also recognized that serial harvest trials had been done much less frequently than 
metabolism trials up to that point, due to the excessive cost and labor required to analyze 
entire carcasses.  The same is still true today; very few whole carcass serial harvest trials 
have been completed measuring mineral retention within the animal.  The most 
exhaustive mineral retention study was completed by Ellenberger et al. (1950) measuring 
DM, fat, ash, Ca, and P content of 132 dairy (Ayrshire, Holstein, and Jersey) cattle 
ranging from a 135 d old fetus to a 12 yr old cow.  Rumsey et al. (1985) completed 2 
serial harvest trials utilizing Hereford steers measuring Ca, Mg, Na, K, and P retention.  
They report mineral content of the total empty body, the carcass, heart plus liver, skin, 
40 
 
hair, blood, and remaining noncarcass tissues.  Block et al. (2004) summarized these 3 
studies (Ellenberger et al., 1950; Rumsey et al., 1985) in addition to 4 metabolism or 
balance studies measuring Ca and P retention relative to protein gain.  Results suggest 
that retention of these 2 minerals is highly variable.  Retention of Ca in the 2 studies done 
by Rumsey et al. (1985) varied between 0.17 and 7.53 g Ca/100 g protein gain, averaging 
3.24 g Ca/100 g protein gain.  Retention of P varied between 0.02 and 0.50 g /100 g 
protein gain, averaging 0.21 g P/100 g protein gain.  Knowlton et al. (2001) measured 
apparent Mg retention in a metabolism experiment utilizing lactating Holstein cows 
ranging from -1.1 to 2.33 g Mg/d.  Kegley et al. (1991) also measured apparent Ca, P, 
and Mg retention in a metabolism experiment utilizing Hereford steers on an 80% corn 
silage diet.  Apparent Ca retention was 5.9 to 12.0 g/d, apparent P retention was 0.30 to 
4.5 g/d and apparent Mg retention was 0.4 to 1.4 g/d.  Delaquis and Block (1995) 
measured apparent Ca, P, Mg, and S retention in a metabolism experiment using dry 
dairy cows.  Across treatments apparent mineral retention was 29.1 g Ca/d, 3.3 g P/d, 6.8 
g Mg/d, and 7.7 g S/d.   
Data from Ellenberger et al. (1950) conclude that Ca retention is 7.2 g /100 g 
protein gain and P retention is 4.0 g/100 g protein gain.  Variation in these measures 
could be due to variability in sampling, variability in techniques used to analyze samples 
for mineral, different diets being fed, and animal to animal variation including breed, age, 
and weight variation.  Expressing mineral retention relative to protein gain attempts to 
reduce variation in rate and type of gain between animals.  However, Block et al. (2004) 
concludes that retention of protein is not necessarily linked to mineral retention, leading 
to some of the variation in reported measures. 
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Accuracy of NRC Recommendations 
Macromineral recommendations by the NRC (1996) for growing cattle consist of 
the requirement for maintenance, gain, and bioavailability of the minerals in the diet.  
Numerous researchers have challenged the NRC (1996) recommendations, observing no 
differences in performance when supplying minerals at or below NRC (1996) 
recommendations.  Miscalculation of mineral requirements could come from error in 
calculating one of the 3 components of the requirement (maintenance, gain, or 
bioavailability), or error in all 3. 
The NRC (1996) recommends a Ca requirement for feedlot cattle of 15.4 g/kg 
BW for maintenance and 7.1 g Ca/100 g protein gain to support gain.  This is 
approximately 0.35% of diet DM.  Some inconsistencies in the literature suggest slight 
improvements in cattle performance with higher levels of Ca in the diet.  Brink et al. 
(1984) conducted 5 experiments feeding varying levels of Ca, supplied by limestone.  In 
one of the 5 experiments, efficiency was improved for 1.7% Ca compared to 0.8% Ca in 
the diet, but no performance differences were observed in the other 4 experiments.  
Huntington (1983) conducted 2 experiments evaluating 0.3, 0.6, 0.9, and 1.2% Ca in 
finishing diets.  Supplemented Ca was supplied by limestone.  In one experiment there 
was a linear increase in ADG with increasing Ca level, but no effect of Ca level in the 
second experiment.  The authors concluded that 0.6% Ca in a finishing diet is sufficient.  
When limestone is the source of Ca it may act as a buffer in the rumen, giving rise to 
better performance due to acidosis control in feedlot diets, rather than meeting a Ca 
requirement (Goetsch and Owens, 1985). 
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The NRC (1996) recommends P requirements for feedlot cattle of 16 mg P/kg 
BW for maintenance and 3.9 g P/100 g protein gain to support gain.  This is 
approximately 0.20% of diet DM.  Erickson et al. (1999) fed yearling cattle 0.14, 0.19, 
0.24, 0.29, and 0.34% of diet DM as P.  Feedstuffs in the base diet provided 0.14% P and 
supplemental P was provided from monosodium phosphate.  Cattle performance (ADG, 
DMI, G:F) was not affected by P concentration in the diet.  Phalanx bone density and rib 
bone strength were also not impacted by P concentration in the diet.  It has been 
suggested that calves have greater P requirements than mature cattle, as they have greater 
skeletal growth (Wise et al., 1958).  Erickson et al. (2002) conducted a follow up study 
using crossbred steer calves and 0.16, 0.22, 0.28, 0.34, and 0.40% of diet DM as P.  
Similar to the yearling study, cattle performance (ADG, DMI, and G:F) was not affected 
by P concentration in the diet.  Phalanx and metacarpal bone ash also did not differ due to 
P concentration in the diet.  A study conducted by Geisert et al. (2010) fed 0.10, 0.17, 
0.24, 0.31, and 0.38% of diet DM as P to crossbred heifers.  Cattle ADG and DMI on the 
0.10% P treatment were decreased compared to 0.17, 0.24, and 0.31% P treatments.  
Together, these studies suggest feedlot calf P requirements are between 0.10 and 0.14% 
of diet DM.  This has been validated in other studies (Wise et al., 1958; Jackson et al., 
1988; Miller et al., 1987).   
Hypotheses 
In a review of the P literature, Block et al. (2004) concluded that discrepancies 
between requirements and NRC (1996) recommendations could be due to error in 
estimating the requirement for maintenance, gain, or bioavailability of P.  Similar 
conclusions could be drawn for the other macrominerals.  Further complicating the issue 
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of mineral retention is the ability of animals to retain a reservoir of Ca and P in the bone.  
This allows animals to retain more mineral than is required to support function or growth 
at that time.  These reservoirs are then available in the future if the diet becomes deficient 
in these minerals (Cohen, 1973; Ternouth, 1990; Satter et al., 2002; Ekelund et al., 2006), 
although P is less readily mobilized out of bone tissue than Ca (Mitchell, 1947).  Feeding 
trials measuring animal performance and bone strength at various levels, and from 
various sources, are sufficient to determine adequate dietary levels of these minerals to 
promote health and growth of animals.  The unknown value of mineral retention becomes 
an issue when calculating mineral excretion and using these values to predict manure 
fertilizer values and make recommendations on acres needed to distribute manure 
(Powers and Van Horn, 2001).  American Society of Agricultural and Biological 
Engineer manure standards (ASAE, 2010) are based on assumptions given in the NRC 
(1996) suggesting that mineral retention in growing beef cattle in feedlots today are the 
same as mineral retention in dairy cattle, primarily dairy cows, measured by Ellenberger 
et al. (1950).  This may be true when mineral retention is scaled to protein gain.  The 
following trials measured Ca, P, Mg, K, and S retention in beef and Holstein steers in 
various growing and feedlot settings, representative of current commercial beef 
production in the Great Plains region.  These values are needed to either update or verify 
Ellenberger et al. (1950) findings on Ca and P retention and provide reference for Mg, K, 
and S retention, which are not well described in the literature.  Regardless of whether 
mineral retention is equal to animals’ mineral requirement; retention is descriptive of 
metabolism of these minerals and subsequent excretion in the manure.  Sampling and 
mineral analysis of manure is not routinely done prior to spreading manure as fertilizer on 
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crop ground.  Table values for manure nutrient profile are heavily relied upon; the data 
provided herein will serve to better estimate nutrient value of feedlot manure.   
A summary of anaerobic digestion potential of feedlot manure is also presented.  
Effluent removed from anaerobic digesters is an excellent crop fertilizer source.  
Minerals in effluent are concentrated as they are not utilized in the anaerobic digestion 
process while OM is removed.  This further emphasizes the importance of accurate 
estimates of mineral excretion in cattle manure. 
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ABSTRACT  
Cattle diet can impact manure quality and quantity, but has minimal impact on 
methane production from anaerobic digestion of manure.  Quality of manure, measured 
as organic matter (OM) content, does affect methane production and is largely impacted 
by the environment cattle are housed in and methods used to collect manure.  In three 
anaerobic digestion trials, as the amount of ash contamination of manure increased, or 
OM content of manure decreased, OM degradation and methane production decreased.  
The OM within beef cattle manure was 51-66% degraded within digesters.  Methane 
production from beef cattle manure was 0.112-0.187 L CH4/g OM fed to digesters.  Less 
than 10% of the ash within high-ash manure (85% ash), representative of open lot feedlot 
cattle manure, remained in digesters when a cone-bottom tank was used for digestion.  
With adequate daily cleanout of ash from digesters, open-lot beef cattle manure can be 
used for anaerobic digestion. 
Key Words:  anaerobic digestion, beef cattle, manure, methane, open lot 
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INTRODUCTION 
A traditional grain ethanol system that utilizes distillers grains for cattle feed and 
cattle manure for biogas generation to power an ethanol plant has been referred to as a 
“closed loop” system due to energy recycling within three segments (ethanol plant, cattle 
production, and manure biogas generation; Liska et al., 2009).  Distillers grains from the 
ethanol plant are fed to feedlot cattle and manure from the feedlot is used to feed the 
anaerobic digester.  Biogas produced by the anaerobic digester is then used to power the 
ethanol plant and excess heat from the ethanol plant can be used to heat the digester.  The 
effluent or material removed from the digester can then be used as fertilizer for crop 
production to produce grain for ethanol production.   
Numerous studies have evaluated the impact of feeding distillers grains to cattle.  
Distillers grains from the ethanol industry are an excellent feed for ruminants and 
improve both ADG and G:F for feedlot cattle when replacing up to 40% of the corn in the 
diet (Bremer et al., 2011; Klopfenstein et al., 2008).  Numerous studies have evaluated 
anaerobic digestion of cattle manure and optimal conditions for microbial growth (Franco 
et al., 2007; Hashimoto, 1986; Varel et al., 1980).  Most research on anaerobic digestion 
of cattle manure has focused on manure from dairy cattle, or manure that is collected 
from cement pits and has an ash content of 10-20%.  This manure is very different from 
open lot feedlot manure, which is exposed to environmental conditions, collected 
intermittently, and contains large amounts of soil, inadvertently removed at pen cleaning.  
Feedlot manure can be up to 85% ash (Kissinger et al., 2007), which is a very different 
feedstock than manure that has traditionally been used for anaerobic digestion (Belcher, 
2011).   
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The viability of the closed loop concept depends on using open lot manure from 
feedlot cattle fed distillers grains as the feedstock for anaerobic digestion.  Therefore, the 
objectives of the current research were to evaluate the impact of dietary changes on 
methane production from feedlot manure and to evaluate anaerobic digestion of cattle 
manure with varying levels of soil contamination.  Experiments 1 and 2 were conducted 
to determine if feeding distillers grains to cattle impacts manure characteristics and 
anaerobic digestion potential.  Experiment 3 was conducted to determine if open lot cattle 
manure with soil contamination is a viable feedstock for anaerobic digesters.   
MATERIALS AND METHODS 
All animals involved in these experiments were managed in accordance with the 
protocols approved by the University of Nebraska’s Institutional Animal Care and Use 
Committee.  All manure used for anaerobic digestion was collected from cattle receiving 
both monensin (Rumensin, Elanco Animal Health, Greenfield, IN) and tylosin (Tylan, 
Elanco Animal Health) at approximately 345 and 90 mg/hd daily, respectively. 
Experiment 1 
Seven, 1-L anaerobic digester vessels (Omni-Culture Fermenter, The VirTis 
Company, Gardiner, NY) were used in a switchback design to study biogas generation 
from feedlot cattle manure.  Digesters were initially inoculated in February with sludge 
from an open 1/3 acre lagoon fed with complete cattle manure from the individual cattle 
feeding barn at the University of Nebraska’s Agricultural Research and Development 
Center near Mead, NE.  Digesters were then continuously operated for 5 months in order 
to ensure that steady state had been reached before treatments were imposed.  Digesters 
were determined to be at steady state when pH, temperature, methane production, and 
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organic matter (OM) degradation were stabilized.  Prior to initiation of the trial, digesters 
were fed a common source of cattle manure.  This manure was collected from 4 steers 
consuming a diet containing 82.5% corn.  Temperature of the digesters was maintained at 
37 ± 0.2 °C using the cartridge heater and temperature sensing probe built into the Omni-
Culture vessel.  Digesters were continuously stirred at 80 RPM using the built in 
magnetically coupled bottom driven agitation system.  The pH of each digester was 
continuously monitored and maintained between 6.5 and 7.5 through the addition of 
sodium hydroxide as needed.  Sodium hydroxide was used extensively at startup to raise 
pH (0.5 mL of 1 M NaOH solution/d), but over time pH became more stable and no 
sodium hydroxide was needed.  Figure 1 shows pH of the 7 digesters over the first 80 d 
after startup, and demonstrates pH becoming less variable over time.  A constant flow of 
N2 gas was pumped over the digesters to ensure anaerobic conditions were maintained 
and to allow for measurement of methane concentration within a known gas flow (20 ± 
0.6 mL/min).  A Low Flow Rotameter Flowmeter (Zefon International Inc., Ocala, FL) 
was attached to each digester to monitor N2 gas flow. 
Manure (urine and feces) was collected from 4 steers per treatment for 3 d prior to the 
start of Exp. 1.  Diets fed to cattle are shown in Table 1.  Two diets were fed: a corn 
based control diet (CONT1) and a diet with wet distillers grains plus solubles (WDGS) 
replacing 40% of the corn, on a dry matter (DM) basis.  Cattle were tied in stanchions 
and urinated and defecated into a cement pit.  Complete manure was mixed together in 
this pit and then collected.  Representative samples were taken and analyzed for DM 
(AOAC, 2000; 934.01), OM (AOAC, 2000; 942.05), and mineral content.  Samples were 
analyzed for minerals by Ward Laboratories, Inc. (Kearney, NE) using procedures 
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described by Peters (2003) and Plank and Campbell (1992).  Based on DM, manure was 
frozen (-17.8 ºC freezer) in individual allotments equal to 1 day’s feeding for each 
digester.  Each day, 7 individual cups were thawed and hot water was added to equal 50 
mL of 9% DM manure slurry for feeding.  Retention time within each digester was 20 d 
as 50 mL is equal to 1/20 of total digester volume.  Once daily, effluent was removed 
through a port on the side of each vessel after which the day’s manure slurry was added 
through a port at the top of each vessel.  The amount of effluent removed was adjusted in 
order to maintain a constant volume (1-L) of material within the digesters.  Digesters 
were flushed with CO2 after feeding to ensure anaerobic conditions were maintained. 
The trial was a switchback design with 4 digesters on the WDGS treatment and 3 
digesters on the CONT1 treatment for 6 weeks, after which treatments on all digesters 
were switched and operated for another 6 week period.  Measurements were made on 5 
consecutive days after digesters had been on a treatment for 37 days.  With a 20 d 
retention time and by taking measurements on days 38-42, the digesters had gone through 
2 complete volume turnovers before switching treatments.  Digesters are inherently 
variable with small changes in loading rate, temperature, or pH impacting daily 
degradation and methane production.  Because of this variation, it is important to allow 
for an acclimation period and measure the impact of treatments over multiple days 
(Ahring et al., 2001; Hashimoto, 1986; Varel et al., 1980).  Weight, DM, and OM content 
of effluent removed from digesters daily and manure fed to digesters daily were 
measured and used to calculate OM degradation, all calculations were done on a DM 
basis.  Degradation was equal to (manure OM, g – effluent OM, g) / manure OM, g.  
Methane concentration within the steady flow of N2 gas was measured twice per d for 5 d 
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using a GP-01 model methane detector (RKI instruments, Inc., Union City, CA) in order 
to calculate total methane production from each digester.  The two methane 
measurements were averaged to have 1 measurement per digester daily.  Methane 
production was calculated as (N2 flow, L/min × CH4 concentration, %) × 60 × 24 = CH4 
production, L/d.  Because digesters were 1-L in size this was also equal to L CH4 / L 
digester volume produced daily.  Methane production was also expressed relative to 
substrate fed, this was calculated from daily methane production, (L CH4/d ÷ g OM 
fed/d) = L CH4/g OM fed.  Because degradation of manure within digesters was not 
always equal between treatments, methane production was also expressed relative to 
amount of OM degraded, (L CH4/d ÷ g OM degraded/d) = L CH4/g OM degraded.         
One day’s allotment of manure and effluent were collected in ceramic crucibles for 
DM and OM analysis.  The DM content of manure and effluent were determined by 
weighing the samples wet, then drying in a 105°C forced air oven for 24 h (AOAC, 2000; 
934.01).  These samples were then weighed before being ashed in a 600°C cool muffle 
furnace for 24 h.  Samples were again weighed to determine OM content (AOAC, 2000; 
942.05).  This process was repeated for 5 consecutive days, for each digester during the 
measurement period. 
Experiment 2 
Six, 56.8-L anaerobic digesters were utilized to study biogas generation from feedlot 
cattle manure.  Digester vessels consisted of a 56.8-L, 45° cone bottom plastic tank 
(Snyder Industries, Inc., Lincoln, NE) fitted with a 5.08 cm ball valve at the bottom of the 
cone and a 5.08 cm port at the top of the tank.  Effluent was removed from the bottom of 
the digester through the ball valve and manure slurry was added to the digester through 
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the port at the top.  Retention time was 20 days, with 1/20 of digester volume fed as 
manure slurry each day.  Effluent removed was adjusted in order to maintain a constant 
45-L volume within each digester.  Digesters were heated with an 1100 Watt drum heater 
(Grainger International, Lake Forest, IL) and contents were maintained at 37 ± 2 °C.  
Each digester was intermittently mixed for 2 min every 4 hr at 200 RPM (1300 Watt 
mixer with 127 cm mixing paddle, Q.E.P. Co, Inc., Boca Raton, FL).  Concentration of 
methane within a constant flow of N2 gas was measured immediately prior to mixing.  
The intermittent mixing and cone bottom tank allowed inorganic particles to settle out 
and be removed in the effluent.  The pH of each digester was monitored and maintained 
between 6.5 and 7.5 with the addition of sodium hydroxide.  Titration was used to 
determine the volume of 1 M NaOH solution needed to raise pH of each digester to 7.0.  
A 50 mL sample of effluent was taken daily and used for the titration; this amount was 
then scaled up for the 45-L volume of the entire digester.  Sodium hydroxide was used 
during the startup period to increase pH; no sodium hydroxide was needed once the trial 
was initiated.  Digesters were continuously operated for 2 months prior to initiation of the 
trial to ensure all digesters were at steady state before treatments were imposed.  Effluent 
from one continuously operated digester was collected and used to inoculate all digesters 
at initiation. 
Two types of manure were evaluated, very similar to treatments evaluated in Exp. 1.  
Manure was collected over an 8 d period with 3 steers per dietary treatment.  Cattle diets 
included a corn based control (CONT2) and a 40% modified distillers grains plus 
solubles (MDGS) diet (Table 2).  Cattle were housed indoors and tied in stanchions with 
complete manure (urine and feces) collection in a cement pit behind the cattle.  Manure 
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was collected, mixed, and subsampled.  Manure averaged 11% DM and 85% OM.  All 
manure types were diluted with water to equal 9% DM when fed into the digesters. 
Three digesters were on each of the treatments for a 41 d acclimation period after 
which measurements were taken for 5 d.  Measurements consisted of DM and OM of 
both manure and effluent and methane production.  Methods used for all measurements 
were the same as Exp. 1.  Manure fed into digesters and effluent removed from digesters 
was weighed and sampled to determine DM and OM content, which was used to 
calculate OM degradation.  Concentration of methane within the known flow of N2 gas 
was measured twice per day, averaged to have one measurement per digester daily, and 
used to calculate methane production. 
Experiment 3 
Nine, 56.8-L anaerobic digesters were utilized to study biogas generation from cattle 
manure with varying OM content.  Digester vessels were the same as used in Exp. 2; all 
methods were the same as described for Exp. 2.   
Three treatments were evaluated in a switchback design.  Manure was collected from 
the settling basin of a 120 hd finishing cattle barn with a sloped floor and flush system 
located at the Agricultural Research and Development Center near Mead, NE.  This 
manure averaged 18% DM and 65% OM.  Treatments consisted of pure manure or 
manure with soil (90% DM, 97% ash) added to create 40% and 15% OM manure.  For all 
treatments, water was added to the manure-soil mixture to equal 9% DM when fed to the 
digesters.  All digesters received the same mass of OM each day (i.e. varying mass of soil 
and constant volume of manure).  Digesters were on each of the treatments for a 41 d 
acclimation period after which measurements were taken for 5 d.  Treatments were then 
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switched, followed by another 41 d acclimation and measurement period.  This was 
repeated a third time, in order to evaluate all treatments on all digesters.  Measurements 
included weight, DM, and OM of all material fed into and removed from each digester in 
order to calculate OM degradation of manure within the digesters.  Concentration of 
methane within a known flow of N2 gas was measured and total methane production was 
calculated, similar to Exp. 2.   
Calculations and Statistical Analysis 
In all 3 experiments, data were analyzed using the Mixed procedure of SAS (SAS 
Inst. Inc., Cary, NC).  Data were analyzed as a repeated measure using a compound 
symmetry covariance pattern with day repeated.  The appropriate covariance pattern was 
determined using goodness of fit criteria including the Akaike information criterion 
(Littell et al., 1998).  In Exp. 1 and 3, treatment and period were fixed effects with 
digester as a random effect.  Exp. 2 consisted of one period; treatment was treated as a 
fixed effect with digester as a random effect.  Orthogonal linear and quadratic contrasts 
were used in Exp. 3 to evaluate level of OM in manure (65, 40, and 15% OM).  In all 
experiments, means were considered significantly different at the P ≤ 0.10 level.  
Measures of OM degradation were taken on 5 consecutive days.  Methane production 
was measured twice per d and averaged to have a single value for each digester per day, 
measured on 5 consecutive days. 
RESULTS AND DISCUSSION 
Monensin is an ionophore that changes microbial population dynamics within the 
rumen (Richardson et al., 1976).  Donoho (1984) measured 50-60% absorption of 
monensin within cattle, with the remainder excreted in the feces.  Manure from cattle 
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consuming a diet containing 40 g monensin/4400 kg contained 4.7 mg/kg monensin after 
2 weeks in a manure pile, and declined to 0.7 mg/kg after 11 weeks.  The FDA (2005) 
estimates that monensin is present at 9.5 mg/kg manure for cattle fed 480 mg 
monensin/animal daily.  Past research has demonstrated using manure from cattle fed 
monensin for anaerobic digestion decreases methane production, but digesters are 
capable of adapting to inclusion of monensin over time (Varel and Hashimoto, 1981).  
All manure used for anaerobic digestion in the current experiments was collected from 
cattle fed monensin.  Chlortetracycline in cattle manure has also been shown to impact 
methane production from anaerobic digesters (Varel and Hashimoto, 1981).   
Experiment 1 
Mineral content of manure fed to digesters and effluent removed from digesters are 
listed in Table 3.  Digesters fed CONT1 manure had OM degradation of 51.0% (Table 4).  
Feeding manure slurry from cattle fed WDGS to digesters resulted in slightly greater OM 
degradation of 52.9% (P = 0.10).  Methane production was 0.551 L/L digester volume for 
CONT1, which is equal to 0.116 L/g OM fed.  Methane production was greater for 
WDGS digesters, 0.634 L/L digester volume (P = 0.10) or 0.137 L/g OM fed (P = 0.05).  
Methane produced per g of OM degraded was not different between treatments (P = 
0.44).  This suggests that differences in methane produced are due to rate of OM 
degradation and not due to more methane being produced from that amount of OM.  
Because diets containing distillers grains have decreased DM and OM digestibility 
compared to corn-based diets (Corrigan et al., 2009; Depenbusch et al., 2009; Luebbe et 
al., 2012b; May et al., 2009), manure from cattle consuming distillers grains contains 
greater amounts of OM, up to 70% of which is digestible fiber (Luebbe et al., 2012b).  
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Digestible fiber in the manure is available for degradation by microbes within anaerobic 
digesters.   
Experiment 2 
Mineral content of manure fed to digesters and effluent removed from digesters is 
listed in Table 5.  Organic matter degradation was not different (P = 0.48) between 
treatments and averaged 63.8% for CONT2 and MDGS (Table 6).  Ash buildup, as a 
percent of total ash fed into the digester averaged 6.3%.  There were no statistical 
differences in methane production, measured as daily production per L of digester 
volume (P = 0.89) or daily production per g of OM fed (P = 0.77).  For both treatments, 
daily methane production averaged 0.499 L/L of digester volume or 0.118 L/g of OM 
fed.   
Experiment 3 
Increased ash contamination of manure linearly decreased OM degradation from 63.2 
to 54.1% for the 65 and 15% OM treatments, respectively (linear P = 0.02; Table 7).  
The high level of ash contamination also decreased daily methane production from 
0.589 to 0.425 L CH4 per L digester volume daily for the 65 and 15% OM treatments, 
respectively  (linear P < 0.01).  This is equal to 0.187 and 0.139 L CH4 per g of OM fed 
(linear P = 0.02) for the 65 and 15% OM treatments, respectively.  The 40% OM 
treatment was intermediate for both L CH4 per L digester volume daily and L CH4 per g 
of OM fed.   
Effluent removal from the cone-bottom of the digesters aided in separating organic 
and inorganic particles within the digesters as the more dense inorganic particles fell and 
organic particles floated.  Samples taken from the top and bottom of the digesters and 
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analyzed for OM demonstrated this layering effect.  Of ash added to digesters, 20.5, 18.3, 
and 9.5% was not removed from the 65, 40, and 15% OM treatments, respectively (linear 
P = 0.12).  This resulted in ash buildup (mineral or inorganic material that was added to 
the digester, but not removed in the effluent and not degraded within the digester) of 
17.0, 45.5, and 64.7 g/d, respectively, as % OM in the manure decreased (linear P < 
0.01).  A majority of the ash was removed; however, eventually digesters are expected to 
fill up with ash and have to be shut down and cleaned out.  More complete ash removal 
results in shut down needing to occur less often.  It is possible that digesters will reach 
equilibrium, and ash added to the digesters above that equilibrium would be removed in 
the effluent the following day.  These trials did not measure the ash component of 
effluent removed from digesters over long periods of time to determine if equilibrium 
was reached.  In the current trials, digesters changed treatments approximately every 46 
d, which did not allow for long-term measurements of ash accumulation.  Removal of 
more effluent each day would also result in greater ash removal.  However, as greater 
amounts of effluent are removed, the concentration of ash within effluent decreases, 
resulting in more OM being removed in the effluent prior to being degraded.  
Comparison of Experiments 
 Degradation of OM within anaerobic digesters was greater than 50% for all 
treatments.  In Exp. 1, WDGS manure had 3.7% greater OM degradation than CONT1 
manure.  In Exp. 2, MDGS manure had 6.8% greater OM degradation than CONT2 
manure.  Methane production, measured as L/L of digester volume, was marginally 
greater for manure from cattle fed WDGS in Exp. 1 (P = 0.10), but was not affected by 
diet fed to cattle in Exp. 2 (P = 0.89).  This may be partially due to CONT2 digesters 
64 
 
inadvertently being fed more OM per d than MDGS digesters in Exp. 2.  Because it is 
very difficult to feed precisely the same amount of OM to all digesters, methane 
production expressed relative to OM fed is more descriptive of digester efficiency.  
Feeding WDGS and MDGS manure resulted in 18 and 10% greater methane production 
compared to the control manure in Exp. 1 and 2, respectively, when expressed relative to 
OM fed.   
Differences between Exp. 1 and 2 include different digester design volumes, 1-L and 
56.8-L, and source of distillers grains in the cattle diet, WDGS and MDGS.  The change 
in digester design increased the volume of effluent removed each day and changed how 
effluent was removed.  In Exp. 1, the entire amount of effluent removed each day was 
used to calculate OM degradation of manure within the digesters.  In Exp. 2, the effluent 
removed was mixed and 3 subsamples were taken and used to measure OM degradation.  
Effluent removal in Exp. 1 was from a port on the side of the digester vessel while in 
Exp. 2 effluent was removed from the bottom of the cone-bottom tank.  Digesters used in 
Exp. 2 were designed for ash removal, thus effluent removed was not representative of 
the entire digester contents, but was representative of the long-term equilibrium within 
the digester.  Variation in measurement of OM content and methane production were 
greater in Exp. 2 than Exp. 1.  In Exp. 1, the SEM for OM degradation was 2.1% of the 
mean OM degradation, while in Exp. 2 it was 9.3%.  In Exp. 1, the SEM for methane 
production relative to OM fed was 7.9% of the mean, in Exp. 2 it was 28.1%.  Increased 
variation in Exp. 2 measurements decreased our ability to define differences between 
treatments.   
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There are also differences in feeding value of WDGS and MDGS (Bremer et al., 
2011; Nuttelman et al., 2011b) which may impact manure degradation within digesters.  
Feeding distillers grains, either WDGS or MDGS, in high concentrate diets, improves 
feed efficiency of cattle compared to corn based control diets.  This improvement in feed 
efficiency is greater in WDGS diets than MDGS diets, possibly due to improved neutral 
detergent fiber digestibility (Nuttelman et al., 2011a).  The difference in feeding value of 
WDGS and MDGS in cattle is well documented, but not well understood (Bremer et al., 
2011; Nuttelman et al., 2011b).  The mechanism by which digestibility of feed is 
improved within cattle may also be responsible for improved degradation of the manure 
within digesters.   
Ahring et al. (2001) measured production of 0.200 L CH4/g OM fed using cattle 
manure digested at 55°C.  Varel et al. (1980) measured 0.25 L CH4/g OM fed, also using 
cattle manure digested at 35°C with an 18 day retention time.  Both of these are greater 
than methane production measured in the current experiments.  It is possible that methane 
production in Experiments 2 and 3 was under estimated, as mixing of the digester 
contents was not continuous and methane measurements were taken prior to mixing.  As 
the contents were being mixed, methane was released; measuring methane at the time of 
mixing would have led to greater estimates, and overestimated methane in our opinion.  
Methane production in Exp. 1 was measured under continuous mixing, but results were 
still lower than those reported in the literature.  Degradation of OM in the current 
experiments was similar to findings by Varel et al. (1980) of approximately 52% OM 
degradation at 35°C and an 18 day retention time.  Degradation of OM was numerically 
greater in the larger (56.8-L) digesters compared to the 1-L digesters, although statistics 
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were not used to compare results from the different trials.  Greater OM degradation in the 
larger digesters could be due to sampling method, as effluent samples used to calculate 
OM degradation were taken from the bottom of the digesters in Exp. 2 and 3 and from the 
side of the digester vessel in Exp. 1.  This may also reflect differences in the composition 
of the manure being fed into the digesters or differences in microbial community 
structure within the digesters. 
Effects of Manure Quality 
Amount of ash collected with the manure did affect both OM degradation and 
methane production (P ≤ 0.05; Exp. 3) with greater degradation and methane production 
with less ash contamination.  Feedlot manure is inherently low in OM, as cattle are fed in 
open, soil-based pens and manure is scraped off the soil base.  The amount of ash 
contamination of the manure is highly variable and dependent on many factors including 
weather (temperature and precipitation), frequency of pen cleaning, area of the pen 
manure is removed from, and type of soil the pen base is composed of (Kissinger et al., 
2006; Wilson et al., 2004).  More frequent pen cleaning is beneficial to collect manure 
with greater concentrations of OM and N (Wilson et al., 2004).  Manure collected from 
pens with cattle fed during the summer months has a lower concentration of OM than 
manure collected from pens with cattle fed during the winter (Kissinger et al., 2006; 
Luebbe et al., 2012a).  Diet fed to cattle can also influence composition of manure 
removed from open feedlot pens.  Data collected by Luebbe et al. (2012a), shows an 
increase in OM composition of manure collected from pens with cattle fed increasing 
amounts of WDGS, 0-30% on a DM basis.  Capturing this OM in the manure is 
beneficial if manure is used as fertilizer on crop ground (Helgason et al., 2005) or as 
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anaerobic digester feedstock.  The OM that is readily degraded on the pen surface is also 
readily degraded within digesters, if manure is collected before degradation occurs.  
Conversely, OM that is not readily degraded on the pen surface will be more difficult to 
degrade within a digester.  Therefore, feedlot management practices that result in higher 
OM manure being collected off the pen surface are beneficial to anaerobic digestion.    
Exp. 3 utilized 1 manure source with specific levels of ash contamination implemented 
through the addition of soil.  This model was used to demonstrate the impact of a single 
factor, ash contamination, on OM degradation within digesters, but is not representative 
of the complete changes that manure undergoes while collecting on the pen surface.  The 
amount of variation in open lot manure may be its biggest challenge to being used in 
anaerobic digestion.  Two extensive trials measuring composition of open lot manure 
found that it is generally 25% OM (Kissinger et al., 2007; Mielke et al., 1974).  Dairy or 
swine manure that has traditionally been used for anaerobic digestion is generally greater 
than 75% OM (ASAE, 2010).  The neutral detergent fiber (NDF) composition of 
different manure sources is shown in Table 8.  Manure collected from the pen surface at 
the end of a feeding period (140 to 183 days on feed; Doerr et al., 2012; Johnson et al., 
2013) was lower in NDF, and presumably lower in degradable nutrients, compared to 
manure collected for Exp. 2.  Manure collected from cattle fed 40% DGS diets also had 
greater amounts of NDF than manure collected from cattle fed no DGS.  Manure 
collected from pens with cattle fed high amounts of roughage (20% corn residue) had the 
highest NDF content. 
Comparing ash buildup in the digesters in Exp. 2 and 3 illustrates as ash content of 
manure fed into digesters increased, the amount of ash left in the digesters increased.  
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However, as ash content of the manure increased, the amount of ash buildup, as a percent 
of total ash fed into each digester, did not change (P = 0.11) and was numerically least 
for the high ash manure.  Feedlot manure has greater ash contamination and lower OM 
content than manure that has traditionally been used for anaerobic digestion.  With 
adequate daily cleanout of ash from digesters, open-lot beef cattle manure can be used for 
anaerobic digestion, although small decreases in methane production are to be expected.  
Increasing the amount of effluent removed from digesters each day results in less ash 
buildup within digesters.  However, reducing retention time of manure within digesters 
also limits degradation and methane production per g of OM fed.  The 20 d retention time 
used in the current studies attempts to balance ash buildup with methane production.   
CONCLUSION 
Cattle diet can impact manure quality and quantity but has minimal impact on 
methane production from anaerobic digestion of manure.  Quality of manure, measured 
as OM, has a larger impact on methane production and is affected by the environment 
cattle are housed in and methods used to collect the manure (i.e. ash contamination).  As 
ash contamination of manure increases, OM degradation and methane production within 
digesters decreases.  However, all beef cattle manure evaluated had greater than 50% OM 
degradation and 0.112 L CH4/g OM fed.  Beef cattle manure collected from open lot pens 
can be degraded within anaerobic digesters to produce methane and is a viable feedstock 
for anaerobic digestion. 
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Figure 1.  The pH of 7 digesters used in Exp. 1 for the first 80 d after inoculation and 
startup.  Each line represents a different digester, pH was measured daily.  Over 
time pH became less variable and averaged between 7.0 and 7.5 for all digesters 
by d 80.  
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Table 1.  Composition of diets fed to cattle for manure collection and digester feeding in 
Exp. 1 
Ingredient, % of diet dry matter CONT1
1 
WDGS
 
Dry rolled corn 82.5 47.5 
Alfalfa Hay 7.5 7.5 
Molasses 5.0 -- 
WDGS
2 
-- 40.0 
Supplement
3 
5.0 5.0 
        Urea 1.66     -- 
        Fine ground corn 1.42 2.58 
        Limestone 1.4 1.9 
        Salt 0.3 0.3 
        Tallow 0.13 0.13 
        Trace mineral premix
4 
0.05 0.05 
        Vitamin A-D-E premix
5 
0.01 0.01 
        Rumensin-80 premix
6 
0.01 0.01 
        Tylan-40 premix
7 
0.01   0.01 
        Thiamine-40 premix
8 
0.01 0.01 
1
 Treatments were due to cattle diet, corn based control (CONT1) and 40% wet distillers 
grains plus solubles (WDGS). 
2
 WDGS = wet distillers grains plus solubles 
3
 Supplement formulated to be fed at 5% of diet DM. 
4
 Trace mineral premix contained 6% Zn, 5% Fe, 4% Mn, 2% Cu, 0.2% I, 0.05% Co, 
0.30% Mg. 
5
 Vitamin A-D-E premix contained 29,974 IU vitamin A, 5,995 IU vitamin D, 7.5 IU 
vitamin E per g. 
6
 Rumensin-80 premix contained 176 g/kg monensin; formulated to provide 345 mg 
monensin/steer daily. 
7 
Tylan-40 premix contained 88 g/kg
 
tylosin; formulated to provide 90 mg tylosin/steer 
daily. 
8
 Thiamine-40 premix contained 88 g/kg thiamine; formulated to provide 150 mg 
thiamine/steer daily. 
 
 
 
  
76 
 
Table 2.  Composition of diets fed to cattle for manure collection and digester feeding in 
Exp. 2 
Ingredient, % of dry matter CONT2
1 
MDGS
 
Dry rolled corn 80 40 
Corn silage 15 15 
MDGS
2 
-- 40 
Supplement
3 
5 5 
        Urea 1.66     -- 
        Fine ground corn 1.42 2.58 
        Limestone 1.4 1.9 
        Salt 0.3 0.3 
        Tallow 0.13 0.13 
        Trace mineral premix
4 
0.05 0.05 
        Vitamin A-D-E 
premix
5 
0.01 0.01 
        Rumensin-80 premix
6 
0.01 0.01 
        Tylan-40 premix
7 
0.01   0.01 
        Thiamine-40 premix
8 
0.01 0.01 
1
 Treatments were due to cattle diet, corn based control (CONT2) and 40% modified 
distillers grains plus solubles (MDGS). 
2
 MDGS = modified distillers grains plus solubles 
3
 Supplement formulated to be fed at 5% of diet DM. 
4
 Trace mineral premix contained 6% Zn, 5% Fe, 4% Mn, 2% Cu, 0.2% I, 0.05% Co, 
0.29% Mg. 
5
 Vitamin A-D-E premix contained 29,974 IU vitamin A, 5,995 IU vitamin D, 7.5 IU 
vitamin E per g. 
6
 Rumensin-80 premix contained 176 g/kg monensin; formulated to provide 345 mg 
monensin/steer daily. 
7 
Tylan-40 premix contained 88 g/kg
 
tylosin; formulated to provide 90 mg tylosin/steer 
daily. 
8
 Thiamine-40 premix contained 88 g/kg thiamine; formulated to provide 150 mg 
thiamine/steer daily. 
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Table 3.  Mineral composition of manure fed to digesters and effluent removed from 
digesters in Exp. 1 
Nutrient, % of dry matter
3
 
CONT1
1 
 WDGS
2 
Manure Effluent  Manure Effluent 
Total N 3.95 6.92  3.79 6.02 
Organic N 2.63 4.69  2.66 4.35 
Ammonium N 1.32 2.23  1.13 1.67 
Nitrate N 0.001 0.001  0.001 0.002 
P2O5 1.88 4.40  2.64 4.82 
K2O 1.90 3.48  1.46 2.94 
S 0.45 0.83  0.51 0.75 
Ca 2.42 4.48  2.13 4.47 
Mg 0.48 1.08  0.65 1.19 
Na 0.32 0.86  0.23 0.58 
Zn 0.03 0.06  0.04 0.06 
Fe 0.05 0.67  0.09 0.61 
Mn 0.01 0.04  0.01 0.04 
1
 Treatments were diet fed to cattle, CONT1 = corn based control diet. 
2
 Treatments were diet fed to cattle, WDGS = 40% wet distillers grains plus solubles diet. 
3
 All nutrients are expressed on a 100% dry matter basis. 
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Table 4.  Degradation of manure and methane production within 1-L anaerobic digesters 
fed finishing cattle manure (Exp. 1)
1 
Parameter  CONT1 WDGS SEM P-value 
OMD
2
, % 51.0 52.9 1.1 0.10 
Methane, L/L digester volume 
daily 
0.551 0.634 0.05 0.10 
Methane, L/g OM
3
 fed 0.116 0.137 0.01 0.05 
Methane, L/g OM degraded                                                                0.237 0.261 0.03 0.44 
1
 Treatments in Exp. 1 were due to cattle diet, a corn based diet (CONT1) or a 40% wet 
distillers grains plus solubles diet (WDGS).   
2
 OMD = organic matter degradation 
3
 OM = organic matter 
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Table 5.  Mineral composition of manure fed to digesters and effluent removed from 
digesters in Exp. 2 
Nutrient, % of dry matter
3
 
CONT2
1 
 MDGS
2 
Manure Effluent  Manure Effluent 
Total N 2.84 4.79  4.58 6.24 
Organic N 2.36 3.05  2.69 3.87 
Ammonium N 0.47 1.74  1.89 2.37 
Nitrate N 0.001 0.001  0.001 0.002 
P2O5 2.07 3.05  4.21 7.13 
K2O 0.94 1.51  1.43 1.92 
S 0.28 0.38  0.65 0.65 
Ca 1.80 3.46  2.78 4.17 
Mg 0.38 0.62  0.78 1.68 
Na 0.21 0.39  0.41 0.54 
Zn 0.03 0.06  0.04 0.08 
Fe 0.10 0.16  0.12 0.34 
Mn 0.01 0.02  0.02 0.04 
1
 Treatments were diet fed to cattle, CONT2 = corn based control diet. 
2
 Treatments were diet fed to cattle, MDGS = 40% modified distillers grains plus 
solubles diet. 
3
 All nutrients are expressed on a 100% dry matter basis. 
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Table 6.  Degradation of manure and methane production within 56.8-L anaerobic 
digesters fed finishing cattle manure (Exp. 2)
1
 
Parameter  CONT2 MDGS  SEM P-value 
DM fed, g/d  228 216    -- -- 
OM
2
 fed, g/d  205 183    -- -- 
Ash buildup, g/d 1.37 2.16  2.24 0.73 
Ash buildup, % of ash fed 5.96 6.55  1.10 0.68 
OMD
3
, %  61.7 65.9  5.9 0.48 
Methane, L/L digester volume daily 0.506 0.491  0.11 0.89 
Methane, L/g OM fed 0.112 0.123  0.033 0.77 
1
Treatments in Exp. 2 were due to cattle diet, a corn based control diet (CONT2) or a 
40% modified distillers grains plus solubles diet (MDGS). 
2
 OM = organic matter  
3
 OMD = organic matter degradation 
 
  
81 
 
Table 7.  Degradation of manure and methane production within 56.8-L anaerobic 
digesters fed finishing cattle manure (Exp. 3)
1
 
Parameter 
 
15% OM
2 
40% OM 65% OM SEM Linear
3 
Quad
2 
DM fed, g/d  824 388 223   -- -- -- 
OM fed, g/d  140 140 140   -- -- -- 
Ash buildup, g/d  64.7
b
 45.5
ab
 17.0
a
 17.1 < 0.01 0.74 
Ash buildup, % of 
ash fed 
 9.46 18.3 20.5 5.94 0.12 0.16 
OMD
4
, %  54.1
a
 56.5
ab
 63.2
b
 3.8 0.02 0.45 
Methane, L/L 
digester volume 
daily 
 0.425
a
 0.501
ab
 0.589
b
 0.051 < 0.01 0.86 
Methane, L/g OM 
fed 
 0.139
a
 0.167
b
 0.187
b
 0.017 < 0.01 0.71 
1
 In Exp. 3, manure was collected from a sloped floor cattle barn with a water flush 
system and averaged 65% OM.  Soil was added to this manure to create the 40 and 15% 
OM treatments.   
2
 OM = organic matter 
3
 Statistical analyses of orthogonal linear and quadratic contrasts across level of ash 
contamination. 
4
 OMD = organic matter degradation 
a,b
 Within a row, means without a common superscript differ (P < 0.05). 
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Table 8.  Neutral detergent fiber content of manure as representation of 
degradability within digesters 
Reference Diet
1 
Season
2 
NDF
3 
Doerr et al., 2012 35% WDGS Winter 60.9 
 35% WDGS Summer 50.5 
    
Johnson et al., 2013 40% MDGS Winter 65.5 
 40% MDGS Summer 51.3 
20% untreated corn residue with 40% MDGS Winter 84.5 
20% untreated corn residue with 40% MDGS Summer 73.1 
    
Exp. 2 40% MDGS Enclosed 67.7 
 Corn control Enclosed 58.4 
1 
Diets contained wet distillers grains plus solubles (WDGS) or modified 
distillers grains plus solubles (MDGS) 
2 
Manure was collected from open lot pens after a feeding period during the 
summer or winter or collected from cattle housed indoors (enclosed). 
3 
NDF = neutral detergent fiber, greater amounts of NDF suggest greater 
potential for degradability within digesters 
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Chapter 3 
Mineral retention of growing and finishing beef cattle across different production systems 
 
Andrea K. Watson*, Jana L. Harding*, Matt P. McCurdy§, Matt J. Hersom§, Kristin E. 
Hales†, Gerald W. Horn§, Clint R. Krehbiel§, and Galen E. Erickson* 
*Department of Animal Science, University of Nebraska, Lincoln 68583-0908 
§Department of Animal Science, Oklahoma State University, Stillwater 74074 
†USDA-ARS U.S. Meat Animal Research Center, Clay Center NE 68933 
ABSTRACT   
Calcium, P, K, Mg, and S retention were measured in 2 beef cattle experiments.  
Experiment 1 utilized 30 Angus-Hereford crossbred steers wintered at 3 levels of gain 
(grazing wheat pasture at a high or low rate of gain and grazing dormant native range) 
and then finished on a common diet.  Mineral retention was measured during the 
finishing phase.  Experiment 2 utilized 46 British crossbred steers fed 3 growing diets or 
placed directly into the feedlot as calf-feds.  Growing treatments included a sorghum 
silage growing diet (SF), program feeding a high concentrate diet to gain weight at a 
similar rate as SF cattle, or grazing wheat pasture.  Mineral retention was calculated for 
the growing and finishing periods separately and combined.  In Exp. 1, four steers per 
treatment were slaughtered at initiation of the finishing period and 6 steers per treatment 
at the conclusion of the finishing period to measure whole body composition.  In Exp. 2, 
four steers were slaughtered prior to initiation of the trial to establish initial carcass 
composition.  At the conclusion of the growing period, 6 steers from each of the 3 
growing treatments were slaughtered and 6 steers from each treatment were slaughtered 
at the conclusion of the finishing phase.  In both experiments, mineral retention was 
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calculated as the difference between whole body composition at slaughter and predicted 
initial whole body composition.  In Exp. 1, there were no differences in treatment for P or 
Ca retention (P ≥ 0.39) expressed as g/100 g protein gain.  Retention averaged 4.1 g P 
and 13.4 g Ca/100 g protein gain across treatments.  Retention of Mg, K, and S during the 
finishing phase was greater for treatments wintered at a low rate of gain during the 
growing phase (P ≤ 0.02).  In Exp. 2, Ca, P, Mg, K, and S retention during the growing 
period was not different from retention during the finishing period for each treatment (P 
≥ 0.25) and there were no differences across treatments for combined growing and 
finishing period Ca, P, Mg, K, or S  retention (P ≥ 0.37) when expressed relative to 
protein gain.  Retention averaged 8.2 g Ca, 4.3 g P, 0.31 g Mg, 1.3 g K, and 1.1 g S per 
100 g protein gain across treatments.  In both experiments, expressing mineral retention 
on a protein gain basis minimized effects due to BW or rate of gain, allowing for better 
comparison of mineral retention across a large variety of animals and diets. 
Key Words:  beef cattle, calcium, gain, phosphorus, requirement, retention 
INTRODUCTION 
Mineral requirements for maintenance and gain in beef cattle are not well 
documented.  A few experiments have been conducted testing whole carcasses for 
mineral retention, with Ca and P being the most commonly analyzed minerals, and more 
commonly evaluated in dairy than beef cattle.  Rate and composition of gain can be quite 
different for dairy and beef breeds, suggesting that mineral retention could also differ 
(Duncan, 1958).   
Gain requirements discussed in the NRC (1996) for Ca and P are largely based on 
a harvest study conducted by Ellenberger et al. (1950) utilizing 132 Holstein animals.  
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Similar work of this magnitude has not been completed to calculate Mg, K, and S gain 
requirements.  Cattle and technology have evolved over the past 65 years, potentially 
creating differences in mineral retention due to changes in cattle, as suggested by 
Erickson et al. (2002), or changes in analytical methods used to measure mineral content 
(Peters, 2003).  A better understanding of mineral requirements is critical not only for 
animal health and performance, but also in calculating nutrient excretion values for 
properly applying manure to crop fields (ASAE, 2010).  Thus, mineral nutrition is 
important economically, to avoid the expense of supplementing unnecessary minerals, 
and environmentally, to properly account for mineral content of manure. 
Mineral retention is related to gain and may be largely impacted by rate of gain 
during both the growing and finishing periods (NRC, 1996; AFRC, 1991).  Mineral 
requirements for gain are typically expressed on a protein gain basis, although other 
methods may provide better estimates of retention (Block et al., 2004).  Therefore, the 
objectives of the current study were to evaluate mineral composition of whole carcasses 
of beef steers under different growing strategies in order to calculate mineral retention 
during both the growing and finishing periods.    Mineral retention was expressed on a 
daily basis and relative to empty body weight (EBW) and protein gain. 
MATERIALS AND METHODS 
 Two experiments were conducted at Oklahoma State University to determine the 
effects of backgrounding diet and rate of gain on finishing performance (Hersom et al., 
2004; McCurdy et al., 2010).  All procedures used in these studies were approved by the 
Oklahoma State University Institutional Animal Care and Use Committee.  Offal, 
visceral, and carcass samples from the serial slaughter portion of these experiments were 
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analyzed for Ca, P, Mg, K, and S content.  These data were used to measure mineral 
composition of the whole body in order to calculate mineral retention of beef steers. 
Exp. 1 – Winter Grazing  
 Experiment 1 utilized 48 Angus × Angus-Hereford steers (244 ± 23 kg BW) 
wintered at 3 levels of gain and then finished on a common diet.  A detailed description 
of the procedures used and results of the study have been reported by Hersom et al. 
(2004).  This was a 2-year study; however, only samples from year 1 were available and 
utilized to determine mineral retention, thus only year 1 procedures and results will be 
discussed.  Treatments included 1) high gain wheat (HGW), cattle were stocked on 
wheat pasture at a low rate (1.10 steers/ha) in order to achieve a high rate of gain (1.31 
kg/d); 2) low gain wheat (LGW), cattle were stocked on wheat pasture at a high rate 
(2.45 steers/ha) in order to achieve a low rate of gain (0.54 kg/d); and 3) cattle grazed 
dormant native range (NR) supplemented with 0.91 kg/d of cottonseed meal (41% CP) 
and gained 0.16 kg/d.  Gains presented are actual gains measured throughout the study.  
The grazing season lasted 120 d from December 7, 1999 to April 6, 2000.  Following the 
grazing season, all cattle were fed a common finishing diet composed primarily of dry 
whole-shelled corn and cottonseed hulls, included at 70.9 and 9.0% of diet DM, 
respectively.  Nutrient composition of the finishing diet was 13.40% CP, 0.48% Ca, 
0.34% P, 0.14% Mg, 0.46% K, and 0.14% S.  Cattle were fed to a targeted endpoint of 
1.5 cm of backfat, actual endpoints were 1.49-1.63 cm of backfat which corresponded to 
89, 116, and 163 days on feed for HGW, LGW, and NR, respectively.  Growing and 
finishing performance are summarized in Table 1; complete cattle performance data have 
been previously published (Hersom et al., 2004).   
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At the end of the winter grazing season, 4 steers were slaughtered from each 
treatment group for carcass composition evaluation.  Feedlot performance was measured 
on the remaining 36 steers.  Following the finishing period, 6 additional steers from each 
treatment were slaughtered for complete carcass evaluation.  Thus, 30 total steers 
(10/treatment) were used to determine carcass composition.  At slaughter, both 
noncarcass (offal) and carcass tissues were separated and weighed.  Offal tissues included 
blood, head, hide, feet, ears, internal organs, visceral tissues, and trim.  Contents of the 
gastroinstestinal tract were removed prior to weighing.  Offal tissues were composited 
and ground twice using an Autio grinder (Autio, Astoria, OR) through a 10-mm aperture 
plate, mixed, subsampled, and then frozen.  After a 48-h chill, the right side of each 
carcass was ground through a 10-mm followed by a 5-mm aperture plate, mixed, 
subsampled, and then frozen.  The samples of both offal and carcass were then used to 
measure mineral composition. 
Samples were sent to Ward Laboratories, Inc. (Kearney, NE) for analysis of Ca, 
P, Mg, K, S, Cu, Fe, Mn, Na, and Zn.  All samples were analyzed in duplicate.  The 
procedure used nitric acid and hydrochloric acid to degrade all organic matter followed 
by hydrogen peroxide to dissolve any fats and oils.  Samples were then diluted, filtered, 
and analyzed using Inductively Coupled Plasma-Atomic Emission Spectroscopy with 6 
standards of varying mineral concentration (Peters, 2003; Plank and Campbell, 1992).  
Analysis of Ca, P, Mg, K, and S were used to calculate mineral retention.  Concentration 
of Cu, Fe, Mn, Na, and Zn within the tissues are shown, but were not used to calculate 
retention. 
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Exp. 2 – Growing Programs 
 Experiment 2 utilized 260 British crossbred steers (237 ± 33.5 kg BW) grown at 
different rates and on different diets and then finished on a common diet.  A detailed 
description of the procedures used and results of the study have been reported by 
McCurdy et al. (2010).  At initiation of the experiment, 4 randomly selected steers were 
slaughtered to determine initial carcass composition.  The remaining 256 steers were split 
between 4 treatments (64 steers/treatment) into: 1) calf-feds placed directly into the 
feedlot on a high concentrate diet (CF); 2) grazing wheat pasture (WP) to gain 1.15 kg/d; 
3) fed a sorghum silage-based growing diet gaining 1.10 kg/d (SF); and 4) program fed a 
high concentrate diet to have similar BW gain as the SF calves (PF).  Calcium 
composition was 0.95, 0.91, and 0.78% of diet DM for SF, PF, and CF diets, respectively.  
Phosphorus composition was 0.21, 0.28, and 0.28% of diet DM for SF, PF, and CF diets, 
respectively.  Magnesium composition was 0.31, 0.26, and 0.26% of diet DM for SF, PF, 
and CF diets, respectively.  Potassium composition was 1.92, 0.97, and 0.72% of diet DM 
for SF, PF, and CF diets, respectively.  Sulfur composition was 0.18, 0.15, and 0.14% of 
diet DM for SF, PF, and CF diets, respectively.  At the conclusion of the 112 d growing 
phase, 6 randomly selected steers from each of the 3 growing treatments (WP, SF, and 
PF) were slaughtered to determine carcass composition.  The remaining 174 steers were 
placed into the feedlot on the same finishing diet as CF steers.  Remaining steers were 
slaughtered at approximately 1.37 cm 12
th
 rib fat thickness; which was 196, 123, 104, and 
104 days on feed for CF, WP, SF, and PF treatments, respectively.  Complete carcass 
composition was measured on 6 steers from each treatment at the conclusion of the 
finishing phase.  Across the entire trial, 260 steers were utilized with cattle performance 
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measured on 256 steers and complete carcass composition measurement on 46 steers.  
Growing and finishing performance of the 256 steers are summarized in Table 2; 
complete cattle performance data are available in McCurdy et al. (2010).   
 For carcass evaluation, bodies were divided into offal, visceral, and carcass 
tissues and weighed.  Offal tissues included blood, head, hide, feet, ears, internal organs, 
and trim.  Visceral tissues included reticulo-rumen, omasum, abomasum, small and large 
intestine, cecum, and mesenteric/omental fat.  Contents of the gastroinstestinal tract were 
removed prior to weighing.  Offal and visceral tissues were ground twice using an Autio 
grinder (Autio, Astoria, OR) through a 10-mm aperture plate, mixed, 3 subsamples were 
taken and frozen.  After a 48-h chill, the right side of each carcass was ground through a 
10-mm followed by a 5-mm aperture plate, mixed, subsampled, and frozen.  The samples 
of offal, viscera, and carcass were then used to measure mineral composition.  Samples 
were sent to Ward Laboratories, Inc. (Kearney, NE) and analyzed for Ca, P, Mg, K, S, 
Cu, Fe, Mn, Na, and Zn with all samples analyzed in duplicate.  Methods used for 
mineral analysis were the same as described for Exp. 1.  Analysis of Ca, P, Mg, K, and S 
were used to calculate mineral retention.  Concentration of Cu, Fe, Mn, Na, and Zn 
within the tissues are shown, but were not used to calculate retention. 
Calculations and Statistical Analysis 
 Mineral retention within the body was calculated as the difference between 
mineral composition at slaughter and predicted mineral composition at d 0.  Mineral 
composition at d 0 was predicted from body composition of steers harvested at d 0 (% 
mineral in different tissues × tissue weight), multiplied by live BW of final slaughter 
animals at d 0.  Whole body mineral composition was the sum of carcass, offal, and 
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visceral components.  In Exp. 1, d 0 was the end of the growing phase and initial 
composition was predicted using carcass composition of steers harvested at this time (4 
steers/treatment).  All cattle were weighed at the conclusion of the growing period after 
being comingled on an all hay diet for 3 d, followed by 5 to 6 h removal of all feed and 
water.  At the conclusion of the finishing period, EBW was measured as HCW plus total 
offal weight with contents of the gastrointestinal tract removed before weighing.  In Exp. 
1 visceral tissues were included with offal weight.  Mineral retention was calculated for 
the finishing period only.  In Exp. 2, d 0 was initiation of the growing period and initial 
composition was predicted using carcass composition of the 4 steers harvested at this 
time, prior to treatments being imposed.  Composition was also measured at the 
conclusion of the growing period utilizing 6 steers/treatment.  Cattle were weighed at 
initiation of the trial and again at initiation of the finishing period.  Live weights 
measured at initiation of the finishing period were shrunk 4% for WP, SF, and CF, while 
PF weights were shrunk 3% to account for differences in fill.  At the conclusion of the 
growing period and finishing period, EBW was measured as HCW plus offal and viscera 
weight with contents of the gastrointestinal tract removed before weighing.  Mineral 
retention was calculated for the WP, SF, and PF treatments during the growing period 
and for all treatments during the finishing period.   
Mineral retention was calculated on an EBW basis for both experiments and was 
expressed as grams per d, grams per kg EBW gain, and grams per 100 g protein gain.  
Protein gain was measured and reported by Hersom et al. (2004) and McCurdy et al. 
(2010) for Exp. 1 and 2, respectively. 
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 All mineral retention data were analyzed as a completely random design using the 
Mixed procedure of SAS (SAS Inst. Inc., Cary, NC).  Animal was the experimental unit 
and treatment was included in the model as a fixed effect.  Treatment means were 
calculated using the LSMEANS option of SAS.  Means were considered to be significant 
at P < 0.05 and tendencies are discussed at P ≤ 0.15.  In Exp. 2, pre-planned contrasts 
included mineral retention within the growing phase, within the finishing phase, and 
overall mineral retention (growing plus finishing phases) by treatment.  Mineral retention 
within the growing phase was also compared to retention during the finishing phase.   
RESULTS 
 In Exp. 1, mineral retention was calculated for the finishing period following 3 
different diets being fed during the growing phase.  There were no differences due to 
treatment for Ca or P retention for the finishing phase (P ≥ 0.39) expressed as g/100 g 
protein gain (Table 3); however, there were tendencies for differences due to treatment 
when expressed as g/d (P ≤ 0.15) for Ca and P, or g/kg EBW gain (P = 0.15) for Ca.  
Retention ranged from 24.6 to 58.9 g Ca/d and 9.8 to 14.8 g P/d or 14.9 to 30.4 g Ca/kg 
EBW gain and 5.0 to 8.0 g P/kg EBW gain.  Retention of Ca and P averaged 13.4 g 
Ca/100 g protein gain and 4.1 g P/100 g protein gain across treatments.  Diet fed or rate 
of gain during the growing period did impact Mg, K, and S retention during the finishing 
phase.  Magnesium and S retention within the empty body were greater for LGW and NR 
cattle (averaging 0.40 g Mg/100 g protein gain and 1.6 g S/100 g protein gain) compared 
to HGW cattle (-0.03 g Mg/100 g protein gain and 0.29 g S/100 g protein gain; P ≤ 0.01) 
and not different from each other (P ≥ 0.07).  Potassium retention ranged from 0.48 to 2.9 
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g K/100 g protein gain and was greatest for NR cattle, intermediate for LGW cattle, and 
lowest for HGW cattle (P = 0.02).     
In Exp. 2, mineral retention was calculated for the growing and finishing periods 
separately for each treatment, except CF, which consisted only of a finishing period.  
When expressed as g/100 g protein gain or g/kg EBW gain, retention of Ca, P, Mg, K, 
and S during the growing period was not significantly different from retention during the 
finishing period for each treatment (P ≥ 0.25; Table 4).  However, when expressed as g/d 
both Ca and P retention were greater for the finishing period than the growing period (P ≤ 
0.02).  Regardless of how retention was expressed, there were no differences due to 
treatment for combined growing and finishing period P, Ca, K, or S retention (P ≥ 0.23; 
Table 5).  Magnesium retention was greatest for PF cattle, intermediate for SF cattle, and 
least for WP and CF cattle (P = 0.05) when expressed as g/d with no differences due to 
treatment when expressed relative to protein gain (P = 0.37).  Retention of minerals 
averaged 4.3 g P/100 g protein gain, 8.2 g Ca/100 g protein gain, 0.31 g Mg/100 g protein 
gain, 1.3 g K/100 g protein gain, and 1.1 g S/100 g protein gain across all treatments for 
the growing and finishing periods combined and did not differ by treatment (P ≥ 0.37).    
 In Exp. 1 there were large differences in ADG (≥ 0.75 kg/d) for LGW and NR 
cattle compared to HGW during the growing season.  Cattle on LGW tended (P ≤ 0.15) 
to have greater Ca, Mg, K, and S retention and lower P retention during the finishing 
phase than cattle on HGW, when expressed as g/d.  Cattle on NR tended (P ≤ 0.15) to 
have lower Ca and P retention and greater Mg, K, and S retention during the finishing 
period compared with HGW cattle, when expressed as g/d.  These differences in rate of 
mineral retention could be due to differences in rate of gain during the growing period or 
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differences in type of gain during the finishing period.  All cattle were fed the same diet 
during the finishing period and HGW and LGW cattle grazed similar wheat pastures, at 
different stocking rates, during the growing period.  In Exp. 2, differences in ADG due to 
treatment were much smaller, less than 0.08 kg/d.  Cattle on the SF treatment had the 
lowest growing period ADG and greatest finishing period ADG, which corresponded 
with greater Ca and P retention during the finishing period compared to other treatments 
(P ≤ 0.02), when expressed as g/d.  Magnesium, K, and S retention during the growing 
and finishing periods did not differ by treatment regardless of how retention was 
expressed (P ≥ 0.20).   
 Retention of Mg during the finishing period appears to be affected by previous 
plane of nutrition.  Cattle grazing wheat pastures at a high rate of gain (HGW treatment 
in Exp. 1 and WP treatment in Exp. 2) retained the least Mg during the finishing period 
while cattle with low ADG during the growing period (LGW and NR treatments in Exp. 
1) retained the most Mg. Retention of K, expressed relative to protein gain, was fairly 
consistent throughout both trials.  The largest difference was observed in Exp. 1, with 
greater K retention during the finishing period for treatments with low ADG during the 
growing period.  Overall, cattle retained approximately 1.2 g K/100 g protein gain.  
Retention of S, expressed relative to protein gain, was quite consistent across trials, 
averaging 1.1 g/100 g protein gain, with the HGW and NR treatments of Exp. 1 being the 
most variable.  The HGW treatment had the greatest gains (1.31 kg/d) prior to the 
finishing period and the lowest S retention during the finishing period.  The NR treatment 
had very low gains (0.16 kg/d) prior to the finishing period and the highest retention of S 
during the finishing period. 
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 The relationship between previous rate of gain and mineral retention was 
examined using regression between mineral retention within individual animals, as g/100 
g protein gain, and growing phase EBW ADG.  In Exp. 1, retention of Mg, K, and S were 
negatively related to previous ADG, with r
2
 values of 0.30, 0.19, and 0.36, respectively 
(Figure 1).  Retention of Mg, K, and S were positively related to previous ADG in Exp. 2, 
with r
2
 values of 0.07, 0.44, and 0.68, respectively (Figure 2).  In Exp. 1, differences in 
ADG due to treatment were large, > 1 kg/d.  In Exp. 2, ADG was largely concentrated 
between 0.4 to 0.6 kg/d.  Two animals had lower ADG (0.51 kg/d on SF and PF 
treatments) and lower mineral retention, which was the primary driver for the negative 
correlation.  With these 2 animals removed from the Exp. 2 analysis, retention relative to 
ADG is a straight line (P > 0.12).  In both Exp. 1 and 2, Ca and P were not related to 
previous rate of gain, r
2
 ≤ 0.01(data not shown).  More than 50% of K and S retention 
occurs in lean tissue (Watson et al., 2014).  Because a majority of K and S are retained in 
lean tissue, expressing K and S retention relative to protein gain is very logical.  In Exp. 
1, cattle grown at a low rate during the growing period had greater accretion of lean 
tissue during the finishing phase, leading to greater retention of K and S as g/d.  In Exp. 
2, there were no differences in mineral retention due to treatment, although regression 
analysis shows cattle grown at a faster rate during the growing period had numerically 
greater K and S accretion during the finishing phase.  Up to 99% of Ca and 92% of P 
within cattle is retained in skeletal tissue (Watson et al., 2014).  Treatment, or rate of gain 
during the growing period, was not related to retention of Ca and P in the body in both 
Exp. 1 and 2, presumably because skeletal growth was not impacted by treatment.  
Retention of Mg is split between lean and skeletal tissue and was not clearly impacted by 
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previous rate of gain in either experiment.  The relationship between skeletal and lean 
gain in young growing cattle is not well documented; the relationship is affected by 
growth rate which can be altered by feeding growth promotants (Rumsey et al., 1985).  
Calculating mineral retention relative to EBW gain minimized differences due to 
animal weight or rate of gain, allowing for a better comparison of mineral retention 
across a range of weights and ADG.  Expressing mineral retention relative to protein gain 
further diminished differences due to type of gain.  In both experiments, expressing 
mineral retention on a protein gain basis minimized the probability of differences among 
treatments, or increased the P-value, compared to calculating mineral retention as g/d.  
Expressing retention on a protein gain basis decreased the probability of differences 
among treatments by comparing treatments on a similar composition of gain basis.  
Expressing retention on a protein gain basis also increased variation in the measure due to 
including variation in measuring protein gain in the calculation in addition to mineral 
retention, which also explains the increased P-value or lack of treatment differences.   
Concentration of microminerals within tissues are shown in Table 6 (Exp. 1) and 
Table 7 (Exp. 2).  Timing of when cattle were harvested (before or after the finishing 
phase) did not affect micromineral concentration (P ≥ 0.30).  Concentration of Cu, Fe, 
Mn, and Na was greater in offal compared to carcass tissues (P < 0.01), while 
concentration of Zn was greater in carcass than offal tissues (P < 0.01).  Differences due 
to treatment were more pronounced in Exp. 1 than Exp. 2, likely due to greater 
differences in ADG between treatments in Exp. 1. 
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DISCUSSION 
Recommendations in the NRC (1996) for Ca and P requirements above 
maintenance are based primarily on data collected by Ellenberger et al. (1950) on 132 
dairy cattle, primarily Holsteins.  Requirements for Mg, K, and S in the NRC (1996) are 
largely based on feeding trials, evaluating animal performance at various concentrations 
of mineral in the diet.  Less research has been done on the underlying mechanisms of 
how Mg, K, and S are partitioned into maintenance and gain within the body.  
Magnesium, K, and S requirements have not been as well defined as Ca and P 
requirements.   
The current NRC (1996) recommendations of 7.1 g Ca/100 g protein gain and 3.9 
g P/100 g protein gain are similar to findings in the current experiments.  In calculating 
Ca and P requirements, there are several large differences in methods used by Ellenberger 
et al. (1950) and the current experiments.  The Ellenberger dataset included dairy cattle 
while current experiments utilized crossbred beef cattle, primarily Angus-Hereford 
influenced cattle.  Because a majority of Ca, P, and Mg is found in the skeleton and dairy 
breeds have a lower ratio of lean to bone (< 3.4) compared to beef cattle (> 3.6), it would 
be expected that dairy and beef breeds would differ in Ca, P, and Mg retention within the 
whole body (Block et al., 2004; Engels, 1981; Duncan, 1958).  Cattle in the Ellenberger 
dataset included animals ranging in age from developing fetuses (1.8 kg BW) up to a 12-
yr-old cow (583 kg BW) while the current experiments used 239-244 kg steers between 1 
and 2-yr of age.  Ellenberger et al. (1950) noted highly variable retention of both Ca and 
P content in young cattle (less than 100 d of age).  Cows greater than 1000 d of age (> 2.5 
yr) had greater but less variable retention, approximately 10 g Ca/100 g of protein gain 
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and 5 g P/100 g protein gain.  Cattle similar in age to cattle in the current experiments, 
between 9 mo and 3.5 yr of age, varied from 5.5 to 10.4 g Ca/100 g protein gain and 3.1 
to 5.4 g P/100 g protein gain.  The range measured in the current experiments was 3.0 to 
17.3 g Ca/100 g protein gain and 2.3 to 6.2 g P/100 g protein gain.   
Slaughtering techniques described by Ellenberger et al. (1950) are very similar to 
techniques used in the current experiments.  However, methods for mineral analysis have 
changed.  The current experiments utilized Inductively Coupled Plasma-Atomic Emission 
Spectroscopy technology that was not available in the 1940s.  Interestingly, all of these 
differences between animals and methodology resulted in very similar values for overall 
Ca and P retention within the whole body.  One explanation is the combination of greater 
sensitivity in measuring Ca and P with current techniques and lower retention of Ca and 
P in beef breeds relative to Holstein breeds.  These factors lead to very similar results in 
the current trials and Ellenberger et al. (1950).  This suggests that current NRC (1996) 
predictions for Ca and P requirements for gain are accurate, although methods used to 
make these measurements have been improved.  This is supported by recent work 
measuring mineral retention in Holstein breeds (Watson et al., 2014), using the same 
methods as the current trials, and measuring greater Ca and P retention than reported by 
Ellenberger et al. (1950).     
Ellenberger et al. (1950) reported the most complete serial harvest trial measuring 
Ca and P retention in dairy cattle.  There are few other data available in the literature 
measuring mineral retention in beef cattle using serial harvest trials.  Rumsey et al. 
(1985) measured Ca, P, Mg, and K retention in Hereford steers during a finishing period 
in 2 experiments using serial harvest methods.  Retention averaged 3.8 g Ca, 0.25 g P, 1.4 
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g Mg, and 0.63 g K/d or 3.1 g Ca, 0.2 g P, 1.1 g Mg, and 0.55 g K/100 g protein gain.  
Other researchers have measured apparent mineral retention using metabolism or balance 
trials with retention calculated as the difference between intake and excretion of minerals.  
Reported measures of apparent Mg retention range from -1.1 to 6.8 g/d (Knowlton et al., 
2001; Delaquis and Block, 1995; Kegley et al., 1991).  Measures of apparent Ca retention 
range from 5.9 to 29.1 g/d (Delaquis and Block, 1995; Kegley et al., 1991).  Delaquis and 
Block (1995) reported apparent S retention of 7.7 g/d in dry Holstein cows. 
Differences in measures of apparent retention compared to retention measured in 
the current trials are likely due to the different protocols used to measure mineral 
retention using serial harvest or apparent mineral retention using metabolism techniques.  
Duncan (1958) compared results of serial harvest and balance trials and concluded that 
when done diligently, serial harvest gives a more reliable measure of mineral retention 
within the animal.  There is animal-to-animal variation in mineral retention, but possibly 
even more variation due to measurement techniques.  Serial harvest trials are very costly, 
labor intensive, and difficult to conduct.  Variation in measurements can be quite large, as 
illustrated by SEM of these data.  However, the overall conclusion from these two 
experiments suggests that the current NRC (1996) predictions for Ca and P requirements 
for gain are accurate.  A key assumption in using the results from both the current trials 
and the Ellenberger et al. (1950) study is that mineral retention is equal to the 
requirement for gain (Satter et al., 2002).   
Calculating Mineral Requirements 
Several researchers have reported that both the NRC (1996) and AFRC (1991) 
overestimate P (Geisert et al., 2010; Ekelund et al., 2006; Valk and Beynen, 2003; 
99 
 
Erickson et al., 2002; Karn, 2001; Erickson et al., 1999) and Ca requirements of cattle 
(Kegley et al., 1991).  Better understanding P requirements and feeding less P is 
important both economically and environmentally, as P is a relatively expensive mineral 
and excess P is excreted in manure (Geisert et al., 2010).  Calcium is a relatively 
inexpensive mineral and has few environmental concerns; however, feeding excess 
amounts of Ca can impact absorption of other minerals, specifically P (Karn, 2001; 
Kegley et al., 1991). 
Mineral requirements have 3 components, the requirement for maintenance, the 
requirement for gain, and the absorption coefficient.  Error in calculating any of these 3 
components results in error when calculating the dietary supply necessary to meet 
requirements.  Research has shown digestibility or absorption coefficient of P varies 
depending on source, amount in the diet, and other minerals in the diet (Ekelund et al., 
2006; Karn, 2001).  The beef NRC (1996) assumes 68% absorption of P for all feeds 
while the AFRC (1991) uses 64% absorption for forages and 70% for concentrates.  The 
dairy NRC (2001) also uses multiple values ranging from 64 to 70% for forages and 
concentrates, respectively.  The beef NRC (1996) uses 50% absorption for Ca in all feeds 
while the AFRC (1991) uses 68%.  As intake of Ca increases above the requirement, 
absorption is decreased (NRC, 1996).  Magnesium absorption decreases with age and is 
greater for concentrates than forages (Peeler, 1972).  Magnesium in feedlot diets is 
typically considered to be 35% absorbed (Delaquis and Block, 1995; Kegley et al., 1991; 
Peeler, 1972).  Potassium present in most feedstuffs, as well as inorganic sources, is well 
utilized and readily absorbed by ruminant animals (Peeler, 1972).  A value of 94% 
absorption is typically given to K sources in cattle consuming feedlot diets.  Absorption 
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of S can vary between sources.  Sarturi et al. (2013) observed that organic S found in 
protein can be degraded and absorbed from the rumen or bypass the rumen to be digested 
in the intestinal tract.  These interactions may be at least partially responsible for some of 
the variation observed in S retention.   
Further complicating the issue of measuring Ca, P, and Mg requirements is the 
animal’s ability to mobilize mineral from bone reserves, potentially masking deficiencies 
in the short term (Karn, 2001).  Data from the current experiments are interpreted to 
suggest that when minerals are readily available from the diet, approximately 10.8 g 
Ca/100 g protein gain, 4.2 g P/100 g protein gain, 0.4 g Mg/100 g protein gain, 1.2 g 
K/100 g protein gain, and 1.1 g S/100 g protein gain will be retained in the body.  
Calcium and P retention are important to consider during periods of rapid bone growth in 
young calves and in long term feeding situations with beef and dairy cows.  However, 
these retentions may be irrelevant for relatively short term feeding of calves in feedlots in 
which cattle can compensate for small Ca and P deficiencies by drawing on bone reserves 
with minimal complications (NRC, 1996; Ternouth et al., 1996; Erickson et al., 1999; 
Erickson et al., 2002).  Mobilizing bone mineral is certainly dependent on bone reserve 
availability through proper nutrition before the feedlot phase (Karn, 2001).   
Using DMI during the finishing period and retention of minerals on a g/d basis, 
the requirement for gain was calculated.  In Exp. 1, HGW, LGW, and NR cattle retained 
0.30, 0.57, and 0.24% of diet DM as absorbed Ca, respectively.  In Exp. 2, WP, SF, PF, 
and CF cattle retained 0.14, 0.31, 0.26, and 0.15% of diet DM as absorbed Ca, 
respectively.  Assuming Ca in the diet had an absorption coefficient of 50% (NRC, 
1996); Ca should have been included in the diet at 0.28 to 1.15% of DM in order to meet 
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gain requirements.  This is a large range, but omitting the LGW cattle on Exp. 1 reduced 
the range to 0.28 to 0.62% of diet DM.  The same calculation was done utilizing P data.  
In Exp. 1, HGW, LGW, and NR cattle retained 0.14, 0.09, and 0.10% of diet DM as 
absorbed P, respectively.  In Exp. 2, WP, SF, PF, and CF cattle retained 0.08, 0.15, 0.13, 
and 0.08% of diet DM as absorbed P, respectively.  Assuming P in the diet had an 
absorption coefficient of 68% (NRC, 1996) P should have been included in the diet at 
0.12 to 0.22% of DM in order to meet gain requirements.  With maintenance 
requirements of 15.4 mg Ca/kg BW and 16 mg P/kg BW (NRC, 1996), the total amount 
of Ca and P required averaged 0.54% and 0.26% of diet DM, respectively.  These are 
above current NRC (1996) recommendations for Ca and P in the diet, possibly due to 
error in calculating absorption of minerals in the diet or error in accounting for 
maintenance requirements.  Maintenance requirements are very difficult to measure, 
especially in young, growing calves where growth and maintenance are not easily 
separated.  Other research suggests the P requirement for feedlot calves is less than 
0.17% of diet DM, but greater than 0.10%, with no detrimental effects on performance or 
bone structure when fed as low as 0.16% of diet DM with calf-feds and 0.14% of diet 
DM with yearlings during the feedlot phase (Erickson et al., 1999; Erickson et al., 2002; 
Geisert et al., 2010).  Feeding Ca up to 1.7% of diet DM has been shown to alter 
digestion and thus feedlot growth by improving postruminal digestion; however, 
increasing concentration in the diet typically decreases absorption (Goetsch and 
Huntington, 1983; Brink et al., 1984; Owens, 1985; Kegley et al., 1991).  The response to 
increasing Ca above 0.6% of diet DM has not been consistent and is impacted by source 
of Ca and age of the animal (Hansard et al., 1957; Brink et al., 1984).     
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Requirements for gain and maintenance of Mg, K, and S are not as well defined in 
the NRC (1996).  Cattle consuming 10 kg/d and gaining 1.8 kg/d, of which 16.7% was 
protein gain (McCurdy et al., 2010; Hersom et al., 2004), would require 0.039% of diet 
DM as absorbed Mg in order to meet the 0.3 g Mg/100 g protein gain requirement that 
our data suggest.  If the Mg in the diet had an absorption coefficient of 35% (Delaquis 
and Block, 1995; Kegley et al., 1991; Peeler, 1972) this would increase the requirement 
for gain to approximately 0.08% of diet DM.  The NRC (1996) recommends 0.10% of 
diet DM as Mg for finishing cattle, to be split between gain and maintenance 
requirements.  The NRC (1996) also recommends 0.45 g Mg/kg gain, which would be 
within the range found in these 2 experiments.  However, there was substantial variation 
in Mg retained across trials and treatments when expressed relative to EBW gain, ranging 
from -0.1 to 0.88 g Mg/kg EBW gain.  Expressing Mg retention relative to protein gain 
was more consistent across treatments, but still variable, -0.027 to 0.41 g Mg/100 g 
protein gain.   
Using the same scenario of cattle consuming 10 kg/d and gaining 1.8 kg/d, 
retention of 1.2 g K/100 g protein gain is equal to 0.039% of diet DM.  Potassium present 
in most feedstuffs, as well as inorganic sources, is well utilized and readily absorbed by 
ruminant animals (Peeler, 1972).  If the K in the diet were 94% absorbed (Delaquis and 
Block, 1995) this would calculate as 0.04% of diet DM to meet gain requirements.  The 
NRC (1996) recommends 0.6% K in feedlot diets with lower levels needed in growing 
diets because of lower rates of gain.  Requirements of K for maintenance have been 
estimated to be between 2.9 and 5.1 g/100 kg BW daily (St. Omer and Roberts, 1967; 
Karn and Clanton, 1977).  Taken together, we interpret these data to suggest a majority of 
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the K requirement is for maintenance functions and not gain.  In this same scenario, 
sulfur retention of 1.1 g/100 g protein gain is equal to 0.03% of diet DM as absorbed S.  
If S in the diet had an absorption coefficient of 60% (Delaquis and Block, 1995) this 
would increase the requirement for gain to 0.05% of diet DM.  The NRC (1996) 
recommends feeding S to beef cattle at 0.15% of diet DM, a majority of which is 
presumably for maintenance requirements.   
Reporting Mineral Requirements 
 Skeletal tissues contain a majority of the body’s Ca, P, and Mg.  Approximately 
99% of total body Ca is found in skeletal tissues, 80-90% of total body P is in skeletal 
tissue (Ellenberger et al., 1950; Duncan, 1958; AFRC, 1991; Satter et al., 2002; Watson 
et al., 2014), and 70% of Mg is in the skeleton, with the remainder in the soft tissues 
(Engels, 1981; Watson et al., 2014).  Potassium is primarily found in lean tissue (Bennink 
et al., 1968; Watson et al., 2014).  The current trials did not separate skeletal and lean 
tissues; however, the ratio of retained Ca:P was between 1.8:1 and 2.2:1, which is within 
the range reported by Ellenberger et al. (1950); Duncan (1958); AFRC (1991); and Satter 
et al. (2002).  Because nearly all of the Ca, P, and Mg in the whole body are contained in 
skeletal tissues it seems reasonable that retention of these minerals would be closely 
related to skeletal growth (Block et al., 2004; Satter et al., 2002).  Some research has 
suggested that P requirements decrease with age, presumably as skeleton formation is 
completed (Erickson et al., 2002; Karn, 2001; Rumsey et al., 1985; Wise et al., 1958).  
The AFRC (1991) concludes that both Ca and P requirements are closely related to bone 
growth.  However, even though Ca and P retention are clearly related to skeletal growth, 
the current NRC (1996) reports Ca and P requirements for gain on a protein gain basis, 
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which is not always directly related to bone growth (Block et al., 2004).  Thus, in the 
current experiments mineral retention was calculated numerous ways, in an attempt to 
better define mineral requirements of gain.  Retention calculated as g/d was the most 
impacted by treatment.  Retention expressed per kg of EBW gain resulted in no 
differences due to treatment; expressing retention relative to protein gain also resulted in 
no differences due to treatment.  Expressing retention on an EBW gain basis minimized 
effects of rate of gain, which was also accomplished by expressing on a protein gain 
basis.  However, expressing Ca and P retention on a protein gain basis also minimized 
differences due to type of gain, which resulted in more uniform retention values.   
These data suggest that protein gain and mineral retention are closely related, and 
expressing mineral retention on a protein gain basis minimized differences due to rate 
and type of gain, resulting in more uniform recommendations for mineral requirements 
for gain.  These results also suggest that current NRC predictions for Ca, P, and Mg 
requirements for gain are accurate, with the key assumption that retention is equal to the 
requirement for gain.  Retention of K and S on a daily basis was below recommended 
dietary concentrations of K and S suggesting that maintenance requirements comprise a 
large portion of the requirement recommended by the NRC (1996). 
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Table 1.  Cattle performance during the growing and finishing phases of Exp. 1
1
 
 HGW
2
 LGW NR SEM P-value 
Growing Phase      
Days 120 120 120 --- --- 
Live weight ADG, kg 1.31 0.54 0.16 --- --- 
12
th
 rib fat, cm 1.17
a
 0.25
b
 0.01
b
 0.10 < 0.05 
HCW, kg 237
a
 173
b
 137
c
 4.9 < 0.05 
Finishing Phase      
Days 89 116 163 --- --- 
DMI, kg/d 10.7 10.4 10.2 0.2 0.17 
Live weight ADG, kg 1.79 1.80 1.82 0.06 0.43 
12
th
 rib fat, cm 1.63 1.58 1.49 0.18 > 0.05 
HCW, kg 342
a
 318
b
 329
ab
 3.7 < 0.05 
1
 All data measuring cattle performance collected by Oklahoma State University and 
published in Hersom et al. (2004). 
2 
Treatments were diet fed during the growing phase and included cattle grazing 
wheat pasture at a high rate of gain (HGW), cattle grazing wheat pasture at a low rate 
of gain (LGW), and cattle grazing dormant native range pasture (NR).  All cattle 
were finished on a common diet. 
a,b,c
 Means within a row without a common superscript differ (P < 0.05). 
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Table 2.  Cattle performance during the growing and finishing phases of Exp. 2
1
 
 WP
2
 SF PF CF SEM P-value 
Growing Phase       
Days 112 112 112 --- --- --- 
Live weight ADG, kg 1.15
a
 1.10
b
 1.18
a
 --- 0.02 0.01 
12
th
 rib fat, cm 0.44 0.51 0.59 --- 0.07 0.32 
HCW, kg 222.0
ab
 212.1
a
 237.2
b
 --- 7.8 0.10 
Finishing Phase       
Days 123 104 104 196 --- --- 
DMI, kg/d 10.4
ab 
10.9
a 
10.1
b 
8.6
c 
0.24 < 0.001 
Live weight ADG, kg 1.64
a
 2.02
b
 1.85
c
 1.63
a 
0.04 < 0.001 
12
th
 rib fat, cm 1.35
a
 1.27
a
 1.24
a
 1.63
b
 0.048 < 0.001 
HCW, kg 386 379 376 371 4.4 0.12 
1
 All data measuring cattle performance collected by Oklahoma State University and 
published in McCurdy et al. (2010). 
2 
Treatments were diet fed during the growing phase and included grazing wheat pasture 
(WP), a sorghum silage based diet (SF), program fed a high concentrate diet (PF), or placed 
directly into the feedlot as calf-feds (CF).  All cattle were finished on a common diet. 
a,b
 Means within a row without a common superscript differ (P ≤ 0.10). 
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Table 3.  Mineral retention within the empty body of beef cattle during the finishing 
phase while on a common high concentrate diet (Exp. 1) 
 HGW
1 
LGW NR SEM P-value 
Calcium      
   g/d 31.8 58.9 24.6 15.38 0.09 
   g/kg EBW gain 17.1 30.4 14.9 8.06 0.15 
   g/100 g protein 
gain 
9.8 17.3 13.1 6.06 0.48 
Phosphorus      
   g/d 14.8 9.8 10.2 2.70 0.15 
   g/kg EBW gain 8.0 5.0 6.2 1.48 0.17 
   g/100 g protein 
gain 
4.1 3.2 5.1 1.32 0.39 
Magnesium      
   g/d -0.17
b 
1.3
a 
0.74
a 
0.330 < 0.01 
   g/kg EBW gain -0.10
b 
0.67
a 
0.45
a 
0.176 < 0.01 
   g/100 g protein 
gain 
-0.027
b 
0.38
a 
0.41
a 
0.141 0.01 
Potassium      
   g/d 1.6
b 
4.9
a 
5.2
a 
0.821 < 0.01 
   g/kg EBW gain 0.91
b 
2.5
a 
3.2
a 
0.494 < 0.01 
   g/100 g protein 
gain 
0.48
b 
1.4
ab 
2.9
a 
0.746 0.02 
Sulfur      
   g/d 1.2
b 
4.1
a 
3.6
a 
0.546 < 0.01 
   g/kg EBW gain 0.61
b 
2.1
a 
2.2
a 
0.308 < 0.01 
   g/100 g protein 
gain 
0.29
b 
1.2
a 
1.9
a 
0.365 < 0.01 
1 
Treatments were due to diet fed during the growing phase and included cattle grazing 
wheat pasture at a high rate of gain (HGW), cattle grazing wheat pasture at a low rate of 
gain (LGW), and cattle grazing dormant native range pasture (NR).  All cattle were 
finished on a common diet; mineral retention was calculated for the finishing phase.  
Mineral retention was calculated from mineral composition of 4 steers/treatment 
slaughtered at the beginning of the finishing phase and 6 steers per treatment at the end of 
the finishing phase. 
a,b
 Means within a row without a common superscript differ (P < 0.05). 
 
 
 
Table 4.  Mineral retention within the empty body of beef cattle during the growing and finishing phases (Exp. 2) 
Treatment
1 
 WP  SF  PF   P-value
 
Feeding phase
2 
 Grow Finish  Grow Finish  Grow Finish SEM Time
3 
Trt
4 
Int
5 
Calcium              
   g/d  14.2
b 
14.3
b 
 11.0
b 
34.2
a 
 7.5
b 
26.0
ab 
9.22 0.01 0.43 0.19 
   g/kg EBW gain  34.8 11.7  23.4 29.0  10.4 19.6 11.8 0.69 0.39 0.12 
   g/100 g protein gain 10.0 7.9  7.4 13.2  3.0 9.5 5.05 0.25 0.53 0.42 
Phosphorus  
  
 
  
 
  
    
   g/d  7.2
b 
8.0
ab 
 6.3
b 
15.9
a 
 5.0
b 
12.6
ab 
4.23 0.02 0.50 0.32 
   g/kg EBW gain  17.8 7.1  13.2 13.6  7.5 9.5 5.14 0.35 0.38 0.18 
   g/100 g protein gain 5.1 4.3  4.2 6.2  2.3 4.6 2.29 0.39 0.56 0.58 
Magnesium              
   g/d  0.35 0.37  0.42 0.32  0.36 0.34 0.092 0.50 0.96 0.68 
   g/kg EBW gain  0.92 0.74  0.89 0.73  0.56 0.73 0.182 0.60 0.32 0.33 
   g/100 g protein gain 0.24 0.22  0.29 0.25  0.18 0.24 0.053 0.99 0.25 0.36 
Potassium              
   g/d  1.6 1.8  2.0 1.6  4.1 1.7 0.314 0.28 0.59 0.22 
   g/kg EBW gain  4.0 3.7  4.2 3.6  3.6 3.7 0.542 0.38 0.72 0.72 
   g/100 g protein gain 1.1 1.1  1.4 1.2  1.2 1.2 0.180 0.65 0.38 0.80 
Sulfur              
   g/d  0.79 1.1  1.3 0.98  1.5 1.0 0.262 0.30 0.27 0.08 
   g/kg EBW gain  2.0 2.2  2.7 2.2  2.5 2.1 0.450 0.44 0.64 0.47 
   g/100 g protein gain 0.55 0.68  0.81 0.73  0.82 0.66 0.127 0.59 0.20 0.26 
1 
Treatments were due to diet fed during the growing phase and included grazing wheat pasture (WP), a sorghum silage based 
diet (SF), or program fed a high concentrate diet (PF).  All cattle were finished on a common diet. 
2 
Mineral retention was calculated from mineral composition of 4 steers slaughtered at initiation of the experiment, 6 
steers/treatment at the end of the growing phase, and 6 steers/treatment at the end of the finishing phase.    
3
 Main effect of time, comparing the growing and finishing phases. 
4
 Main effect of treatment, diet fed during the growing phase. 
5
 Time by treatment interaction. 
a,b
 Means within a row without a common superscript differ (P < 0.05). 
1
1
3
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Table 5.  Mineral retention within the empty body of beef cattle during the growing and 
finishing phases combined (Exp. 2)
 1
 
Calcium  WP
2 
 SF  PF  CF SEM P-value 
   g/d  12.5  21.1  17.5  12.9 5.34 0.34 
   g/kg EBW gain  15.2  26.3  20.0  13.9 6.34 0.23 
   g/100 g protein gain 7.2  10.7  8.3  6.7 3.03 0.56 
Phosphorus           
   g/d  7.0  10.3  8.9  6.9 2.55 0.50 
   g/kg EBW gain  8.8  12.9  10.2  7.5 3.05 0.36 
   g/100 g protein gain 4.0  5.3  4.2  3.6 1.44 0.70 
Magnesium           
   g/d  0.54
b
  0.61
ab
 0.76
a
  0.49
b
 0.095 0.05 
   g/kg EBW gain  0.70  0.76  0.88  0.52 0.144 0.12 
   g/100 g protein gain 0.29  0.31  0.36  0.26 0.056 0.37 
Potassium           
   g/d  2.5  2.4  2.9  2.4 0.514 0.73 
   g/kg EBW gain  3.5  3.0  3.2  2.5 0.785 0.61 
   g/100 g protein gain 1.3  1.2  1.3  1.2 0.220 0.88 
Sulfur           
   g/d  2.1  2.0  2.4  2.2 0.222 0.34 
   g/kg EBW gain  2.8  2.5  2.7  2.3 0.402 0.56 
   g/100 g protein gain 1.1  0.99  1.1  1.2 0.112 0.50 
1 
Combined mineral retention for the growing and finishing phases is shown.  The CF 
treatment consisted only of a finishing phase.  Mineral retention was calculated from 
mineral composition of 4 steers slaughtered at initiation of the experiment and 6 
steers/treatment at the end of the finishing phase.  
2 
Treatments were due to diet fed during the growing phase and included grazing wheat 
pasture (WP), a sorghum silage based diet (SF), program fed a high concentrate diet (PF), 
or placed directly into the feedlot as calf-feds (CF).  All cattle were finished on a common 
diet. 
a,b
 Means within a row without a common superscript differ (P ≤ 0.05). 
 
 
 
Table 6.  Concentration of microminerals within carcass and offal tissues of beef cattle serially slaughtered before and after 
a finishing phase (Exp. 1) 
1 
 Carcass  Offal  P-value
2 
 HGW LGW NR  HGW LGW NR SEM Trt Type Trt×Type 
Cu, ppm 1.2
c
 1.4
c
 1.3
c
  10.8
a
 6.3
b
 7.7
b
 1.0 0.01 < 0.01 0.01 
Fe, ppm 55.7
c
 77.7
c
 63.0
c
  283.9
b
 394.6
a
 285.2
b
 31.6 0.03 < 0.01 0.22 
Mn, ppm 0.4
b
 1.2
b
 0.8
b
  5.3
b
 15.9
a
 14.0
a
 2.7 0.04 < 0.01 0.09 
Na, % 0.22
b
 0.25
b
 0.29
b
  0.38
a
 0.42
a
 0.46
a
 0.04 0.02 < 0.01 0.95 
Zn, ppm 63.3
a
 71.1
a
 77.8
a
  36.0
b
 37.2
b
 41.1
b
 4.6 0.07 < 0.01 0.48 
1 
There were no differences in micromineral concentration within tissues of cattle harvested before or after the finishing 
phase (P ≥ 0.35). 
2 
P-value for main effects of treatment (Trt), tissue type (Type), and the interaction between treatment and tissue type 
(Trt×Type) are shown. 
a,b,c
 Means within a row without a common superscript differ (P < 0.05). 
1
1
5
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Table 7.  Concentration of microminerals within carcass, offal, and visceral tissues of 
beef cattle serially slaughtered before and after a finishing phase (Exp. 2) 
1
 
 Tissue Type  P-value
2 
 Carcass Offal Visceral SEM Trt Type Trt×Type 
Cu, ppm 1.3
c
 5.5
a
 2.2
b
 0.3 0.05 < 0.01 0.10 
Fe, ppm 63.0
c
 306.2
a
 148.0
b
 37.5 0.41 < 0.01 0.46 
Mn, ppm 0.7
c
 6.4
b
 11.2
a
 1.4 0.85 < 0.01 0.86 
Na, %
3 
0.22
b
 0.37
a
 0.15
c
 0.03 0.01
 
< 0.01 0.96 
Zn, ppm 70.4
a
 39.2
b
 24.9
c
 2.5 0.27 < 0.01 0.80 
1 
There were no differences in micromineral concentration within tissues of cattle 
harvested before or after the finishing phase (P ≥ 0.30). 
2 
P-value for main effects of treatment (Trt), tissue type (Type), and the interaction 
between treatment and tissue type (Trt×Type) are shown. 
3
 Na concentration differed by treatment (P = 0.01); cattle entering the feedlot directly as 
calf-feds had lower Na concentration (0.21% Na) in all tissues compared to the other 3 
treatments (0.26% Na). 
a,b,c
 Means within a row without a common superscript differ (P < 0.05). 
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Figure 1.  Regression between Mg, K, and S retention during the finishing phase and 
growing period empty BW ADG (EBWG) (Exp. 1).  Gain during the growing 
period is shown on the x axis and retention of minerals is shown on the y axis.  
Each point represents an individual animal. 
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Figure 2.  Regression between Mg, K, and S retention during the finishing phase and 
growing period empty BW ADG (EBWG) (Exp. 2).  Gain during the growing 
period is shown on the x axis and retention of minerals is shown on the y axis.  
Each point represents an individual animal.   
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ABSTRACT 
Holstein steers (n = 115; 449 ± 20 kg) were utilized in a serial harvest trial 
measuring Ca, P, Mg, K, and S retention.  A baseline group of 5 steers was harvested 
after 226 days on feed, which was designated d 0.  Remaining cattle were assigned to 11 
harvest groups, with slaughter every 28 d.  Prior to slaughter, cattle were either not 
(CON) or were fed zilpaterol hydrochloride for 20 d followed by a 3 d withdrawal (ZH).  
There were 5 steers per treatment in each slaughter group ranging from d 28 to 308.  
Whole carcasses were divided into lean, bone, internal cavity, hide, and fat trim 
components.  Mineral retention within the body was calculated as the difference between 
mineral composition at slaughter and mineral composition at d 0.  Mineral composition at 
d 0 was predicted from body composition of steers harvested at d 0 multiplied by the 
individual live BW at d 0.  As a percent of empty body weight (EBW), lean, bone, and 
hide tissues decreased linearly over time (P < 0.01) whereas internal cavity and fat tissues 
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linearly increased over time (P < 0.01).  There were no differences in concentration of 
Ca, P, and Mg in bone tissue over time (P ≥ 0.89); concentration of K, Mg, and S in lean 
tissue did fluctuate over time (P < 0.01).  Averaged across treatment and days on feed, 
99% of Ca, 92% of P, 78% of Mg, and 23% of S present in the body were in bone tissue; 
67% of K and 49% of S were in lean tissue.  Expressed as g/d, retention of all minerals 
decreased linearly across days on feed (P < 0.01).  Expressed relative to EBW gain, Ca, 
P, and K retention decreased linearly over time (P < 0.01) and Mg and S retention 
increased linearly (P < 0.01) across days on feed.  Retention of Ca was greater for CON 
cattle (greater bone fraction) and retention of K was greater for ZH cattle (greater muscle 
fraction) when expressed relative to EBW gain (P ≤ 0.02), demonstrating the increase in 
lean gain by ZH cattle.  There were no differences in Ca, P, Mg, K, or S retention due to 
treatment (P ≥ 0.14) or time (P ≥ 0.11) when expressed relative to protein gain.  
Retention averaged 14.4 g Ca, 7.5 g P, 0.45 g Mg, 1.3 g K, and 1.0 g S/100 g protein 
gain.  Expressing mineral retention on a protein gain basis minimized effects of rate and 
type of gain, allowing for better comparison of mineral retention across treatments and 
time.  Feeding zilpaterol hydrochloride did not affect mineral retention when expressed 
relative to protein gain. 
Key Words:  calcium, cattle, gain, phosphorus, requirement, retention 
 
INTRODUCTION 
Recommendations for Ca and P requirements per unit of gain in the current NRC 
(1996) are predominately based on data measuring retention in dairy cattle (Ellenberger 
et al., 1950).  Ellenberger et al. (1950) performed an extensive study measuring Ca and P 
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retention of 132 entire carcasses ranging from a 135 d old fetus to a 12 yr old cow.  
Similar data of this magnitude have not been gathered on Mg, K, and S retention.  Since 
the data of Ellenberger et al. (1950) were collected, significant changes in cattle size, 
feedstuffs commonly used, and mineral analysis procedures have occurred (Karn, 2001; 
Block et al., 2004; Ekelund et al., 2006).  New feed additives may also affect both rate 
and composition of gain.  Zilpaterol hydrochloride (Zilmax; Merck Animal Health, 
Summit, NJ) is a β-adrenergic agonist that increases lean tissue deposition in feedlot 
cattle (Avendano-Reyes et al., 2006; Vasconcelos et al., 2008; Elam et al., 2009).  As 
this, and other feed additives, become more commonly used, it is important to understand 
their effects on both rate and composition of gain in order to make proper 
recommendations for mineral requirements.  All of these changes suggest a need to re-
evaluate retention of minerals within cattle in order to calculate mineral requirements per 
unit of gain.   
The NRC (1996) reports P and Ca retention per unit of protein gain.  Because P 
and Ca are predominately found in bone tissue, it is possible that expressing mineral 
retention on an alternative basis could better define mineral requirements across 
treatments, production systems, or rates of gain (Block et al., 2004).  The objective of this 
study was to measure Ca, P, Mg, K, and S retention within the whole body of Holstein 
steers over time with or without the addition of zilpaterol hydrochloride in the diet.  An 
additional objective was to determine an optimal method of expressing mineral retention.         
MATERIALS AND METHODS 
All experimental procedures followed the guidelines described in the Guide for 
the Care and Use of Agricultural Animals in Agricultural Research and Teaching 
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(Federation of Animal Science Societies, Savoy, IL).  One hundred and fifteen Holstein 
steers (449 ± 20 kg BW) were utilized in a serial harvest trial conducted by the Beef 
Carcass Research Center, West Texas A&M University (Canyon, TX).  Treatments 
included a control (CON) and steers fed zilpaterol hydrochloride (Zilmax) at a rate of 
8.33 mg/kg of dietary DM for 20 d followed by a 3 d withdrawal immediately preceding 
harvest (ZH).  The finishing diet fed during the trial was identical for CON and ZH 
steers, except for the addition of zilpaterol hydrochloride.  Diet composition and nutrient 
analysis are shown in Table 1.  Feedlot performance, harvest yields, and empty body 
composition were measured and have been reported by May et al. (2014), McEvers et al. 
(2014), and Walter et al. (2014).  This article will focus on Ca, P, Mg, K, and S retention 
within the empty body.  
Serial Harvest and Sample Analysis    
An initial pool of 320 Holstein steers (126 ± 9 kg BW) from a single source was 
fed at Cactus Research Ltd. (Cactus, TX) for 180 days.  Upon arrival, cattle were 
administered Micotil (Elanco Animal Health, Greenfield, IN) and vaccinated against 
IBR, BVD type I and II, PI3, BRSV, Mannheimia H. (Pyramid 5 + Presponse SQ; 
Boehringer Ingelheim, St. Joseph, MO) and Clostridium toxins (Vision 7; Merck Animal 
Health).  On d 90, steers were implanted with Revalor-G (Merck Animal Health).  On d 
180, cattle were reimplanted with Revalor XS (Merck Animal Health), revaccinated 
against IBR (Titanium IBR-LP, AgriLabs, St. Joseph, MO) and weighed.  Steers (n = 
135) were selected from the pool of 320 steers to be within 1 SD of mean BW (402 ± 16 
kg).  These cattle were then transported to the Palo Duro AgriResearch Center (Canyon, 
TX), assigned randomly to dietary treatment within slaughter group, and fed in an open-
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lot GrowSafe™ system (Airdrie, AB, Canada).  All cattle selected were born within a 14-
d timeframe during July, 2011.  After 46 days on feed (DOF) at Palo Duro AgriResearch 
Center (226 total DOF), an initial group of 5 steers was harvested as a representative 
sample of the entire group; these cattle did not receive zilpaterol hydrochloride.  Day 226 
(June 25, 2012) was considered d 0, or initiation of the trial.  Following the initial 
harvest, 5 steers per treatment were slaughtered every 28 d until completion of the trial on 
April 29, 2013 for a total of 11 slaughter groups (d 28, 56, 84, 112, 140, 168, 196, 224, 
252, 280, 308).  Slaughter groups 6 through 11 (n = 60) received a 2
nd
 Revalor XS 
implant 140 d after slaughter of the initial group.  At each slaughter date, all remaining 
cattle were individually weighed live.  Slaughter groups 1 through 6 were harvested at the 
Beef Carcass Research Center, West Texas A&M University (Canyon, TX).  Slaughter 
groups 7 through 11 were too large for the facility to handle and therefore were harvested 
at a commercial facility.  Due to multiple outliers (more than 3 SD away from the mean) 
and high variability, data from slaughter group 6, on d 168, were omitted from the 
analysis.   
Upon harvest, the entire carcass was divided into lean, bone, internal cavity (liver, 
gallbladder, pancreas, bladder, lungs, heart, spleen, empty stomach, empty intestines, and 
kidneys), hide, and fat trim components.  Measurement of live BW, weight of head, hide, 
front and hind limbs, liver, lung, heart, kidney, kidney pelvic and heart fat, and hot 
carcass weight were recorded.  Total visceral organs were defined as the sum of heart, 
lung, kidney, spleen, liver, and gallbladder.  Empty body weight (EBW) was calculated 
as the sum of HCW, total visceral organs, and empty gastrointestinal tract (stomach and 
intestine).  All calculations to determine mineral retention were done on an EBW-basis 
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with tissues classified as lean, bone, internal cavity, hide, or fat trim.  Each type of tissue 
was weighed before being ground and sampled.  Non-carcass components (blood, 
metatarsals, metacarpals, penis, hide, head, tongue, oxtail, liver, gallbladder, heart, lungs, 
trachea, pancreas, thymus gland, spleen, esophagus, bladder, gastrointestinal tract, and 
kidneys) were ground through a 5 mm screen using a Wiley mill (Thomas Scientific 
Model 4 Wiley Mill, Swedesboro, NJ) and sampled.  All carcass soft tissue was ground 
through a 5 mm screen using a Biro Grinder Model 548-G12 (Marblehead, OH) and then 
sampled.  Femurs from the right side of each carcass were used to represent the skeletal 
portion of the entire empty body.  Femurs were sawn every 1.27 cm (Butcher Boy Band 
Saw Model B16-F; Selmer, TN) and sawdust was sampled.  Ground samples from each 
tissue type were composited into 5 categories, lean, bone, internal cavity, hide, or fat trim 
for analysis.  All samples were analyzed for Ca, P, Mg, K, S, Na, Fe, and Zn by Servi-
Tech Laboratory (Amarillo, TX).  For mineral analysis, 0.5 g samples were digested for 1 
h at 124°C using 7 mL nitric acid, followed by 15 min using 1 mL hydrogen peroxide, 
followed by 15 min using 4 mL hydrochloric acid.  Samples were then diluted, mixed 
with an internal standard solution, and filtered before being analyzed using Inductively 
Coupled Plasma-Atomic Emission Spectroscopy (US EPA, 1996; Mills and Jones, 1996; 
Huang and Schulte, 1985).  Analysis of Ca, P, Mg, K, and S were used to calculate 
mineral retention.  Concentrations of Na, Fe, and Zn within the different tissue types are 
shown, but were not used to calculate mineral retention.    
Calculations and Statistical Analysis 
 Mineral retention within the body was calculated as the difference between 
mineral composition at slaughter and predicted mineral composition at d 0.  Mineral 
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composition at d 0 was predicted from body composition of steers harvested at d 0 (% 
mineral in different tissues × tissue weight), multiplied by live BW of individual animals 
at d 0.  Live weights were shrunk 4%.  Due to the short interval between harvest points 
(28 d) and no differences in P and Ca concentration of the bone portion over time (P ≥ 
0.89), initial P and Ca composition of the bone fraction was predicted using each steer’s 
mineral composition instead of the average of the d 0 harvested cattle.  With no changes 
over time in concentration of Ca and P in the bone, individual steer data better predicted 
d 0 composition for that animal, than using d 0 data to predict individual steer mineral 
content.  This method was not appropriate for other tissues or minerals because changes 
in mineral content were observed over time (P < 0.01).  Whole body mineral composition 
was the sum of individual tissues (lean, bone, internal cavity, fat, and hide).  At each 
harvest, EBW was measured.  Mineral retention was calculated on an EBW basis for all 
cattle and expressed as grams per d, grams per kg EBW gain, and grams per 100 g 
protein gain.  Protein gain was measured and reported by McEvers et al. (2014). 
 All data were analyzed as a 2 × 11 factorial arrangement using the Mixed 
procedure of SAS (SAS Inst. Inc. Cary, NC).  Two treatments (CON and ZH) were 
analyzed across 11 slaughter dates.  Animal was the experimental unit with treatment and 
DOF (slaughter date) included in the model as fixed effects.  All measurements were 
made on individual animals.  Orthogonal contrasts were used to analyze linear and 
quadratic contrasts over time.  Means were considered to be significantly different at the 
P < 0.05 level. 
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RESULTS AND DISCUSSION 
Tissue Composition  
Complete cattle performance data have been previously described by Walter et al. 
(2014).  Weights of all tissues increased linearly over time (P < 0.01) with increasing 
DOF.  As a % of EBW, lean, bone, and hide tissues decreased linearly over time (P < 
0.01) whereas internal cavity and fat tissues linearly increased over time (P < 0.01; 
Figure 1).  Fat trim increased from 2.9% of EBW at d 0 to 11.6% of EBW at d 308 
whereas lean tissue decreased from 47.2 to 37.7% of EBW from d 0 to 308.  Cattle on ZH 
had a greater percent of EBW as lean tissue (P < 0.01) and less bone, internal cavity, and 
hide (P ≤ 0.01).  Fat trim, as a % of EBW, was not significantly different between 
treatments (P = 0.42). 
Berg and Butterfield (1976) recognized that the proportions of lean, fat, and bone 
are determining factors in valuing the beef carcass.  They suggested production trends 
which could improve efficiency and increase carcass size without making carcasses 
overly fat should be the goal of the beef industry.  The use of zilpaterol hydrochloride has 
been shown to do this, adding an extra 22 kg of HCW (Avendano-Reyes et al., 2006) to a 
typical steer.  In the current trial, ZH cattle had 24 kg heavier HCW, which yielded an 
extra 20 kg of lean tissue.  Composition of carcasses, changes across DOF, and 
differences due to treatment are more fully described in May et al. (2014) and McEvers et 
al. (2014).  Intake and efficiency measures are described by Walter et al. (2014). 
Concentrations of Ca, P, Mg, K, and S within tissues are presented in Table 2.  As 
a % of DM, concentration of P within lean, hide, internal cavity, and fat tissues decreased 
linearly over time (P < 0.01).  Linear decreases in concentration of Ca were observed in 
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lean and hide tissues (P ≤ 0.02).  Magnesium, K, and S concentration within lean tissue 
increased quadratically across days on feed (P < 0.01) for both treatments.  Concentration 
of S within bone tissue decreased linearly across days on feed (P < 0.01).  Differences in 
concentration of minerals due to dietary treatment were minimal, except that lean tissues 
of ZH cattle had greater concentrations of P, Mg, and K (P ≤ 0.04) than CON (data not 
shown).  There were no differences in concentration of Ca, P, or Mg in bone tissue due to 
dietary treatment (P ≥ 0.71) or DOF (P ≥ 0.89).   
The hide had the greatest concentration of S out of all tissues measured, with no 
difference due to treatment (P = 0.23) and a linear increase across days on feed (P < 
0.01), going from 0.51% S to 0.87% S, on a DM basis from the first to last harvest group.  
This increase in S within the hide portion is likely due to accumulation of S containing 
amino acids in the hair coat of animals, especially evident as cattle were housed outdoors 
with the initial harvest in June and subsequent harvest groups every 28 d until the 
following April.  The numerically greatest concentration was at d 196, 1.03% S, which 
would have been January 7.      
Concentrations of Na, Fe, and Zn within each tissue type are shown in Table 3.  
Both Na and Fe were most concentrated within the hide; the highest concentration of Zn 
was within the lean tissue.  There were no differences due to treatment (P ≥ 0.10), only 
Zn concentration varied across DOF (P = 0.04). 
Mineral Retention 
 Averaged across treatment and DOF, 99% of Ca and 92% of P present in the body 
was in the bone.  This is similar to previous estimates that up to 99% of the body’s Ca 
and 80-90% of total body P is in skeletal tissue (Ellenberger et al., 1950; Duncan, 1958; 
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Satter et al., 2002).  Magnesium was primarily retained in bone tissue which contained 
78% of total body Mg.  Lean tissue contained an additional 16% of total body Mg.  
Engels (1981) concluded that 70% of Mg is found in the skeleton and the remaining 30% 
is in the soft tissues.  In the current study, K retention within the lean tissue accounted for 
62 and 72% of total body K retention for CON and ZH, respectively.  Sulfur retention 
within lean, bone, and hide tissues accounted for 49, 23, and 13% of S retention within 
the entire body, respectively.     
There were no differences in Ca retention due to treatment (P = 0.39; Table 4) or 
DOF (P = 0.11) when expressed relative to protein gain.  There was variation across 
DOF, but no clear pattern as both linear and quadratic contrasts were not significant (P ≥ 
0.43).  Expressed on an EBW gain basis, CON cattle had greater Ca retention (P = 0.02) 
with both treatments linearly decreasing across DOF (P < 0.01; Table 5).   
Calculating mineral retention relative to EBW gain resulted in no differences due 
to treatment for P retention (P = 0.12) with a linear decrease over DOF (P < 0.01).  There 
were no differences in P retention due to treatment (P = 0.52) or over time (P = 0.15) 
when expressed relative to protein gain.  Similar to Ca retention, there was variation in P 
retention relative to protein gain across DOF, but no clear pattern as both linear and 
quadratic contrasts were not significant (P ≥ 0.32).   
Magnesium retention was not affected by treatment (P ≥ 0.56) regardless of how 
retention was expressed.  When expressed as g/d, Mg retention linearly decreased (P < 
0.01) across days on feed; however, retention linearly increased when expressed as g/kg 
EBW gain (P < 0.01).  There were no differences across days on feed when expressed 
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relative to protein gain (P = 0.34).  Magnesium retention averaged 0.45 g/100 g protein 
gain for both treatments and all days on feed.  
Retention of K, expressed as g/d or g/kg EBW gain, was greater for ZH cattle (P 
< 0.01) with linear decreases across days on feed (P < 0.01) for both treatments.  The 
interaction between treatment and days on feed was significant (P ≤ 0.01) with ZH cattle 
having greater decreases in K retention over time compared to CON cattle (data not 
shown).  Lean tissue accretion is increased by feeding the β-adrenergic agonist Zilpaterol 
hydrochloride to feedlot cattle (Avendano-Reyes et al., 2006; Vasconcelos et al., 2008; 
Elam et al., 2009).  This increase in lean, in addition to an increase in the concentration of 
K within the lean, led to greater K retention in ZH cattle compared to CON cattle when 
expressed as g/d or g/kg EBW gain. There were no differences across days on feed (P = 
0.60) or treatment (P = 0.14) when K retention was expressed relative to protein gain, 
averaging 1.3 g/100 g protein gain. 
Retention of S did not differ by treatment when expressed as g/d (P = 0.09) or 
relative to EBW gain or protein gain (P ≥ 0.22).  Sulfur retention, expressed as g/kg 
EBW gain, linearly increased across days on feed (P < 0.01) and linearly decreased 
across days on feed when expressed as g/d (P < 0.01).  However, there were no 
differences in S retention over time when expressed relative to protein gain (P = 0.57).  
Sulfur retention averaged 1.0 g/100 g protein gain for both treatments and all days on 
feed. 
Statistical differences in mineral retention across DOF when mineral retention 
was expressed as g/d or g/kg EBW gain were primarily due to changes in tissue weights 
and not mineral concentration in tissues.  Differences in Ca and K retention due to 
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treatment were largely due to differences in amount of lean and bone tissue. Cattle on ZH 
had a greater percent of EBW as lean, 41.8% compared to 39.7% of EBW for CON (P < 
0.01), leading to greater K retention in ZH cattle.  The bone fraction was a larger percent 
of EBW for CON cattle, leading to greater Ca retention in CON cattle than ZH cattle.  
Expressing mineral retention relative to protein gain resulted in no statistical differences 
due to treatment (P ≥ 0.14) or DOF (P ≥ 0.11), thus most of the variation in mineral 
retention was due to differences in rate and type of gain.  Retention averaged 14.4 g of 
Ca, 7.5 g of P, 0.45 g of Mg, 1.3 g of K, and 1.0 g of S/100 g protein gain.  The current 
NRC (1996) reports Ca retention as 7.1 g/100 g protein gain and P retention as 3.9 g/100 
g protein gain.  These values are based on data obtained from the 1940s, primarily 
measured in Holstein cows.  Differences between trials may be due to differences in age 
and gender of cattle measured, diets fed, or methods used to measure mineral retention.  
Retention of Mg, K, and S are less readily available in the literature and requirements in 
the NRC (1996) for K and S are given as a proportion of the diet, not relative to gain.  
    Retention of Ca, P, Mg, K, and S, expressed as g/d over the entire feeding 
period, linearly decreased as DOF increased (P < 0.01).  Regression equations describing 
Ca, P, Mg, K, and S retention, as g/d, are below, respectively: 
[Eq. 1]    𝑦 = −0.06(0.01) 𝑥 + 34.4(1.8); 𝑅2 = 0.26  
[Eq. 2]    𝑦 = −0.03(0.004) 𝑥 + 18.3(0.9); 𝑅2 = 0.31 
[Eq. 3]    𝑦 = −0.003(0.0007) 𝑥 + 1.3(0.1); 𝑅2 = 0.14 
[Eq. 4]    𝑦 = −0.008(0.001) 𝑥 + 3.8(0.3); 𝑅2 = 0.27 
[Eq. 5]    𝑦 = −0.004(0.001) 𝑥 + 2.5(0.2); 𝑅2 = 0.12 
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The dependent variable (y) is mineral retention and the independent variable (x) is days 
on feed.  Standard error of the slope and intercept are displayed in parentheses.  The 
decline was greatest for K (69% decrease) and least for Ca (42% decrease) from the first 
(28 DOF) to last (308 DOF) slaughter group.  As cattle finish, greater amounts of fat are 
deposited, resulting in dilution of these minerals, which are primarily found in the 
skeletal or lean tissues (Rumsey et al., 1981).  In the current study, fat trim from each 
carcass contained little mineral, 0.01% Ca, 0.04% P, 0.01% Mg, 0.09% K, and 0.06% S, 
and the amount of fat trim increased linearly with increasing DOF (P < 0.01).  In 
addition, there was a decrease in bone deposition per kg of gain for ZH cattle in contrast 
to the increase in lean tissue deposition relative to CON cattle.  Rumsey et al. (1981) 
studied the effects of the hormonal growth promotant diethylstilbestrol on mineral 
retention throughout a finishing period.  Both lean and skeletal growth were increased, 
thus there was greater mineral retention (g/d of Ca, P, Mg, and K) within cattle receiving 
an implant, due to increased EBW gain, but no differences in mineral retention per kg of 
gain due to treatment.  The response to hormonal growth implants and   β-adrenergic 
agonists, such as Zilmax, are due to different physiological mechanisms (Parr et al., 
2014), and likely result in different responses (amount and type of gain) which then affect 
mineral retention within the body.  Reporting mineral retention relative to protein gain 
minimizes these differences by accounting for both rate and type of gain in the 
calculation. 
Mineral Retention Procedures and Calculations 
 Whole body analysis of cattle is challenging and not frequently done.  Most data 
collected focus on energy and protein retention, with few data available on mineral 
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retention (Block et al., 2004).  Numerous trials have calculated apparent mineral retention 
in metabolism trials as the difference between total mineral intake and excretion, 
primarily in dairy cows.  There are few examples of whole body analysis being compared 
to apparent mineral retention in the same study, with unaccounted differences of up to 
40% when they have been compared (Duncan, 1958).   
Values for mineral retention found in the literature are shown in Table 6.  Block et 
al. (2004) summarized P retention relative to N retention from 7 published studies; the 
results from these and the current trial show a wide range in mineral retention due to both 
biological and analytical variation.  Four trials measured mineral retention in steers 
during a finishing period, other trials measured mineral retention in dairy cows.  Values 
reported for Ca retention varied from 0.17 to 7.5 g/100 g retained protein within 2 serial 
slaughter trials summarized by Rumsey et al. (1985).  In the same trials, P retention 
varied from 0.02 to 0.50 g/100 g protein gain; Mg retention varied from 0.20 to 1.40 
g/100 g protein gain; and K retention varied from 0.10 to 0.80 g/100 g protein gain.  
These were 225-310 kg Hereford steers fed a 70% corn diet.  Two metabolism trials 
summarized by Kegley et al. (1991) utilized 16 Hereford steers on an 80% corn silage 
diet with 0.3 or 0.6% Ca in the diet.  Apparent Ca retention was 5.9 to 12.0 g/d, with 
greater Ca retention in the high Ca diets.  Apparent retention of P in these same trials 
varied from 0.30 to 4.5 g/d; apparent Mg retention was 0.4 to 1.4 g/d.  Knowlton et al. 
(2001) measured apparent mineral retention using lactating Holstein cows and apparent 
Ca, P, and Mg retention varied from 13.0 to 27.8 g/d, 7.0 to 18.1 g/d, and -1.1 to 2.3 g/d, 
respectively.  Erickson et al. (2000), calculated P retention in beef steers on a high 
concentrate diet using NRC (1996) equations.  In these studies, P retention varied 
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between 6.1 and 6.7 g/d.  Ellenberger et al. (1950) measured Ca and P retention in 132 
dairy cattle ranging in age from developing fetuses to a 12-yr old cow using serial 
slaughter techniques.  Cattle between 9 mo and 3.5 yr of age varied from 4.2 to 9.4 g 
Ca/d and 2.1 to 5.4 g P/d.  Delaquis and Block (1995) measured apparent S retention in a 
metabolism experiment using dry dairy cows.  Apparent S retention was 7 to 8.4 g/d, 
which is considerably greater than retention measured in the current experiments.  
Calcium, P, and K retention in the current trial, utilizing Holstein steers, were greater 
than most other reported values; data on K retention are very limited.  Data on S retention 
are also very limited, S retention measured in the current trial was below values found in 
the literature.  Magnesium retention measured in the current trial was well within the 
range found in the literature.            
Within and across trials, there is large variation in reported values for mineral 
retention.  This is due to variation in techniques used to measure mineral retention 
including serial harvest protocols, sampling error, and mineral assays.  The 2 trials 
summarized by Rumsey et al. (1985), using serial harvest techniques to measure mineral 
retention, reported much lower values for Ca, P, and K retention than the current trial, or 
Ca and P retention reported by Ellenberger et al. (1950).  The authors point out the low 
values for total gain represented by ash in these studies, but reanalyzing all of the samples 
verified their results.  The substantial amount of labor and time required to coordinate 
serial harvest trials increases the opportunity for error.  Animal-to-animal variation is also 
a contributor to variation in mineral retention measurements.  When using serial harvest 
techniques, identifying a statistically similar group of cattle to represent all cattle in the 
study is key to collecting meaningful data.  Among trials there is also animal-to-animal 
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variation including differences in cattle breed, gender, size, age, and rate of gain.  Breed 
differences, specifically dairy versus beef breeds; impact the bone to lean ratio of cattle 
which can influence overall mineral retention.  Feed additives can also impact the bone to 
lean ratio; increasing the amount of lean tissue, without a concurrent increase in bone 
tissue, reduced Ca retention (P = 0.02) and increased K retention (P < 0.01) of ZH cattle 
compared to CON in the current trial (on an EBW gain basis).  This is similar to results 
presented by Rumsey et al. (1985), in which mineral deposition was greater for cattle 
with greater gains, but overall mineral concentration within the ash portion of the whole 
body was not impacted.  In order to account for some of these differences, the NRC 
(1996) reports the requirement for Ca and P for gain on a protein gain basis.  This takes 
into account both rate and type of gain.  In the current trial, reporting mineral retention 
relative to protein gain decreased differences due to both treatment and DOF.  This 
resulted in no statistical differences due to treatment for Ca, P, Mg, and S retention 
relative to protein gain (P ≥ 0.39), and no differences in K retention, although the P-value 
was not as conclusive (P = 0.14).  
Mineral retention was greater in the current experiment than in Ellenberger et al. 
(1950).  Both trials were conducted with Holstein cattle, steers in the current trial and 
calves and cows in Ellenberger et al. (1950).  Holstein steers in the current trial were on 
feed for up to 534 days and final slaughter groups approached 35% empty body fat 
(EBF) (McEvers et al., 2014).  A more typical finishing point for feedlot cattle is 28% 
empty body fat (NRC, 1996).  Cattle from the 4
th
 slaughter group (112 DOF) averaged 
28.7% EBF (McEvers et al., 2014).  Mineral retention at this point was 13.7 g Ca, 7.1 g 
P, 0.40 g Mg, 1.2 g K, and 0.89 g S/100 g protein gain.  Effect of treatment on mineral 
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retention using only the first 4 slaughter groups is shown in Table 7.  The final slaughter 
group (308 DOF) had especially high retention of minerals when expressed relative to 
protein gain due to increasing fat deposition and little protein deposition at the end of the 
finishing period.  This demonstrates that Ca, P, Mg, K, and S retention are not purely 
coupled to protein accretion.  Expressing Ca and P requirements relative to skeletal 
growth would be less variable, as over 90% of these minerals are contained in the bone 
tissue.  However, skeletal growth is not well modeled or easily measured, making 
requirements relative to skeletal growth not very meaningful.  In this dataset, weight of 
the skeletal tissues linearly increased throughout the trial from 84 to 119 kg (P < 0.01).  
Cattle were taken to a finishing point beyond typical feedlot cattle (534 DOF and 35% 
EBF), yet skeletal growth was still occurring.  Data collected by Ellenberger et al. (1950) 
included mature cows (up to 12 yr of age), which may partially explain lower retention of 
Ca and P as skeletal growth was complete.  
Another discrepancy between the current trial and Ellenberger et al. (1950) is the 
bone sampling procedure used.  Ellenberger et al. (1950) recovered all bones from each 
carcass for mineral analyzes.  They found no large differences in concentration of Ca and 
P within the skeleton compared to that of one femur, but recommended analyzing the 
entire carcass in order to decrease variation in results.  Likewise, Duncan (1958) 
concluded that samples from one bone should not be considered representative of the 
entire skeleton.  Other researchers have found variable results when using one bone to 
represent P mineral status, possibly due to variation in P concentration between bones 
(Shupe et al., 1988; Ternouth, 1990; Geisert et al., 2010).  Mineral concentration of bone 
tissue in the current study was predicted from femur samples.  Long bones are the last to 
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exhibit Ca and P resorption when animals are fed a diet deficient in Ca or P (Duncan, 
1958; Ternouth, 1990).  In the current experiment, if concentration of Ca and P of the 
femur were not representative of the entire carcass, retention could have been over or 
under-predicted, as bone tissue made up over 90% of entire body Ca and P reservoirs.  
However, results were very similar to values in the literature for concentration of Ca and 
P of the bone.  Wu et al. (2001) concluded that concentrations of Ca and P within bone 
ash are relatively constant at 36% for Ca and 17% for P; Geisert et al. (2010) measured 
phalanx bone ash to be 17.9% P and metacarpal bone ash to be 17.3% P.  Current results 
averaged 36% of bone ash as Ca and 17% as P across both treatments and DOF.  
Reported measures of Ca in bone range from 15.9 to 23.0% on a DM basis (Ellenberger 
et al., 1950; Field et al., 1974; Williams et al., 1991; Beighle et al., 1993).  Samples from 
the current trial averaged 15.7% Ca on a DM basis.  Reported measures of P in bone 
range from 7.5 to 10.9% as a % of DM (Ellenberger et al., 1950; Cohen, 1973; Beighle et 
al., 1993; Wu et al., 2001).  Samples from the current experiment averaged 7.4% P on a 
DM basis.  Mineral assays used to measure Ca and P have evolved since the 1940s when 
Ellenberger et al. (1950) were collecting data.  However, the current study had very 
similar concentrations of Ca and P of the bone as values reported in the literature.   
Concentration of mineral within bone tissue, and bone sampling protocols, would 
have less effect on K and S retention, as a majority of these minerals are found in lean 
tissue.  Magnesium retention could be highly impacted by bone sampling protocol, but 
Mg retention measured in the current trial was consistent with values found in the 
literature.  
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Mineral Requirements 
Greater Ca and P retention measured in the current study suggest that NRC (1996) 
requirements for gain are low, at least for Holstein steers.  Numerous researchers have 
argued that NRC (1996) recommendations for P requirements are not accurate, although 
past research has suggested that recommendations are too high, not too low.  Multiple 
trials have studied feeding P below NRC (1996) requirements to feedlot cattle with no 
impact on cattle performance (Erickson et al., 1999; Erickson et al., 2002; Geisert et al., 
2010).  These studies were done with calf feds, that would still be growing both skeletal 
and protein components of the body, and yearlings, in which skeletal growth is more 
developed.  Mineral requirements for young animals with rapid bone growth may be 
greater than requirements for relatively mature animals.  Cattle used in the current 
experiment were yearlings when mineral retention was measured.  However, yearling 
Holstein steers may be similar in composition of gain to calf-fed beef steers. 
The other two components of the NRC (1996) recommendation for mineral 
requirements are digestibility or absorption coefficient of these minerals and maintenance 
requirements.  Errors in accounting for either of these two components could be 
responsible for the discrepancy between requirements given in the NRC (1996) and 
requirements measured in feeding trials.  Maintenance requirements are very difficult to 
measure, especially in young, growing calves where growth and maintenance are not 
easily separated (Hansard et al., 1957; Tillman et al., 1959).  Digestibility of minerals can 
be variable depending on feed source, amount in the diet, interactions with other minerals 
in the diet, and age of animals (Hansard et al., 1957; Karn, 2001; Ekelund et al., 2006).   
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Availability of minerals potentially has a larger influence on amount of mineral 
required in the diet than any other factor (NRC, 2001).  Mineral requirements for gain, 
which were measured as retention of mineral in the current study, are used in conjunction 
with availability to calculate amount of mineral to be included in the diet.  The beef NRC 
(1996) uses 50% availability of Ca in all feeds whereas the AFRC (1991) uses 68%.  The 
dairy NRC (2001) uses 30% for Ca availability from forages and 60% for concentrates.  
The beef NRC (1996) assumes 68% availability of P for all feeds whereas the AFRC 
(1991) uses 64% availability for forages and 70% for concentrates.  The dairy NRC 
(2001) also uses multiple values ranging from 64 to 70% for forages and concentrates, 
respectively for P availability.  Availability of both Ca and P is dependent on amount 
provided, with decreasing absorption with increasing dietary inclusion (Cohen, 1973; 
Satter et al., 2002; Ekelund et al., 2006).  Even if retention of minerals were constant, 
availability of these minerals in the diet is variable, increasing the error or difficulty in 
predicting requirements as a % of diet DM.           
 Measures of Ca and P retention in the whole body from the current trial were 
greater than requirement for gain values currently used by the NRC (1996), suggesting 
that animals’ ability to retain or store Ca and P is greater than requirements to support 
growth.  Geisert el al. (2010) observed a tendency (P = 0.07) for a linear increase in 
phalanx bone P of feedlot heifers, as P in the diet increased from 0.10 to 0.38% of diet 
DM, but no differences in concentration of P within  metacarpal bones.  Cohen (1973) 
observed linear increases in bone P of yearling beef steers, as pasture P content increased.  
However, cattle in the Cohen (1973) study were grazing pastures that were most likely 
not meeting P requirements (0.04-0.11%P) when they observed linear increases in bone P 
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as pasture P content increased.  They hypothesized that the relationship would have 
become a sigmoid curve had P supplements been provided.  Based on the diet fed and 
NRC (1996) P requirements, cattle in the current trial were not P deficient, and most 
likely had not been P deficient at any point prior to the study, suggesting that retention of 
these minerals is equal to gain requirements.  When cattle have been fed at levels below 
requirements, due to large requirements such as a lactating cow, or due to poor quality 
feed, a period of bone repair may follow with increased Ca and P retention, when needs 
subside or amount available is increased (Ekelund et al., 2006).  These periods are not 
typical of cattle that have been fed adequate amounts of mineral, and may not be 
indicative of normal requirements.  At present, the definition of requirement for gain is 
the amount of mineral retained in the body, regardless of whether there is a performance 
response to inclusion in the diet.   
Calculating mineral retention relative to protein gain (g/100 g protein gain) 
resulted in no statistical differences due to treatment (P ≥ 0.14) or DOF (P ≥ 0.11).  
These data suggest that in the current study, protein gain and mineral retention were 
closely related, and expressing mineral retention on a protein gain basis minimized 
differences due to rate and type of gain, resulting in more uniform recommendations for 
requirements for gain.  This appears to be true for cattle on high concentrate finishing 
diets during a normal feeding period.  Cattle in the current study were on feed for an 
extended period of time and as cattle became excessively fat (up to 35% EBF), mineral 
retention relative to protein gain was quite high, due to decreasing amounts of protein 
accretion.  Discrepancies between this and previous mineral retention work could be due 
to differences in methods used to analyze minerals, animals’ ability to retain more 
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mineral than required to support maximum growth performance, or ongoing skeletal 
growth throughout the trial.  The NRC (1996) recommendations for mineral requirements 
for gain are based on the assumption that retention is equal to the gain requirement.  No 
differences in Ca, P, Mg, K, and S retention relative to protein gain due to zilpaterol 
hydrochloride supplementation suggest current mineral requirement recommendations 
are adequate and separate mineral requirements for cattle fed β-adrenergic agonists are 
not required.  
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Figure 1.  Weight of individual tissues of serially harvested Holstein steers, expressed as a percent of empty body weight 
(EBW).  Changes in tissue weight are shown across days on feed and by treatment.  Treatments included control cattle (—) 
and cattle fed zilpaterol hydrochloride for 20 d before harvest (- - -).  Lean, bone, internal cavity, and hide differed by 
treatment (P ≤ 0.01); fat trim did not differ by treatment (P = 0.42).  Lean, bone, and hide linearly decreased over days on feed 
while internal cavity and fat trim linearly increased (P < 0.01). 
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Table 1.  Composition and nutrient analysis of finishing diets fed 
to Holstein steers 
Ingredients                                               % DM basis 
     Steam Flaked Corn 71.0 
     Grass Hay 8.6 
     Corn Gluten Feed 8.2 
     Supplement 4.6 
     Cottonseed Meal 3.0 
     Molasses Blend 2.4 
     Fat 2.2 
 
Nutrient                                                         Analysis (± SD) 
     DM, % 80.22 ± 1.72 
     Crude Protein, % DM 14.60 ± 0.66 
     Crude Fiber, % DM 7.54 ± 1.12 
     Calcium, % DM 0.62 ± 0.12 
     Phosphorus, % DM 0.35 ± 0.02 
     Potassium
1
, % DM 0.58 
     Magnesium
1
, % DM 0.16 
     Sulfur
1
, % DM 0.16 
     NEm Mcal/kg DM
2 
2.17 ± 0.05 
     NEg Mcal/kg DM
2 
1.49 ± 0.33 
1
 Concentration of K, Mg, and S calculated from diet composition 
and NRC (1996) values for diet ingredients. 
2
 Dietary net energy, calculated from Zinn and Shen, 1998. 
 
 
 
Table 2.  Mineral composition of tissues from Holstein steers serially harvested during a high concentrate finishing period 
  Days on feed
1
   P-value
2 
Item  28 56 84 112 140 196 224 252 280 308 SEM DOF Lin Quad 
Calcium, % of tissue DM             
Bone  14.9 16.1 15.9 15.3 15.4 15.9 16.1 15.8 15.9 15.9 0.8 0.89 0.36 0.81 
Lean  0.03 0.03 0.03 0.04 0.03 0.03 0.03 0.03 0.03 0.02 0.004 0.14 0.04 0.14 
Hide  0.20 0.07 0.10 0.07 0.17 0.13 0.13 0.18 0.11 0.11 0.02 < 0.01 0.96 0.70 
Internal Cavity 0.18 0.11 0.06 0.04 0.03 0.07 0.03 0.04 0.07 0.07 0.02 < 0.01 < 0.01 < 0.01 
Fat -- 0.01 0.02 0.01 0.01 0.03 0.01 0.02 0.01 0.01 0.006 0.59 0.61 0.38 
Phosphorus, % of tissue DM             
Bone  7.1 7.7 7.5 7.2 7.2 7.5 7.6 7.5 7.4 7.5 0.4 0.91 0.53 0.86 
Lean  0.43 0.52 0.52 0.51 0.45 0.48 0.46 0.38 0.41 0.38 0.02 < 0.01 < 0.01 0.14 
Hide  0.09 0.09 0.10 0.09 0.09 0.11 0.11 0.13 0.11 0.10 0.006 < 0.01 < 0.01 0.21 
Internal Cavity 0.30 0.22 0.20 0.18 0.13 0.14 0.14 0.10 0.10 0.10 0.009 < 0.01 < 0.01 < 0.01 
Fat -- 0.07 0.08 0.06 0.05 0.07 0.05 0.06 0.04 0.05 0.009 < 0.01 < 0.01 0.76 
Magnesium, % of tissue DM             
Bone  0.32 0.35 0.34 0.33 0.33 0.33 0.34 0.33 0.32 0.33 0.02 0.90 0.68 0.85 
Lean  0.054 0.065 0.064 0.065 0.056 0.062 0.060 0.047 0.053 0.048 0.004 < 0.01 < 0.01 < 0.01 
Hide  0.04 0.02 0.02 0.02 0.04 0.03 0.03 0.05 0.03 0.03 0.004 < 0.02 0.02 0.97 
Internal Cavity 0.07 0.03 0.02 0.02 0.02 0.02 0.02 0.01 0.01 0.01 0.007 < 0.01 < 0.01 < 0.01 
Fat -- 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.0003 0.44 0.99 0.26 
Potassium, % of tissue DM             
Bone  0.13 0.12 0.13 0.12 0.12 0.12 0.12 0.14 0.11 0.12 0.009 0.28 0.31 0.86 
Lean  0.80 0.98 0.97 0.97 0.86 0.90 0.88 0.70 0.76 0.71 0.05 < 0.01 < 0.01 < 0.01 
Hide  0.22 0.18 0.20 0.20 0.22 0.27 0.25 0.26 0.24 0.21 0.01 < 0.01 < 0.01 0.03 
Internal Cavity 0.26 0.23 0.24 0.19 0.17 0.15 0.14 0.11 0.11 0.12 0.009 < 0.01 < 0.01 < 0.01 
Fat  -- 0.10 0.11 0.09 0.08 0.10 0.08 0.10 0.07 0.09 0.006 < 0.01 < 0.01 0.40 
Sulfur, % of tissue DM            
Bone  0.25 0.25 0.25 0.24 0.24 0.23 0.24 0.23 0.23 0.23 0.003 < 0.01 < 0.01 0.15 
Lean  0.44 0.54 0.55 0.52 0.47 0.50 0.48 0.42 0.43 0.39 0.03 < 0.01 < 0.01 < 0.01 
Hide  0.51 0.50 0.52 0.58 0.62 1.03 0.96 0.82 0.96 0.87 0.1 < 0.01 < 0.01 0.12 
Internal Cavity 0.21 0.15 0.17 0.13 0.11 0.11 0.11 0.08 0.08 0.09 0.01 <0.01 < 0.01 < 0.01 
Fat  -- 0.07 0.07 0.06 0.05 0.06 0.05 0.05 0.05 0.05 0.004 < 0.01 < 0.01 0. 18 
1
4
8
 
 
 
1
 Mineral composition was measured on 5 steers/treatment every 28 d, for 11 harvest points.  Due to outliers, d 168 data (group 6) 
were removed.  Whole carcasses were divided into bone, lean, hide, internal cavity, and fat components.  Combined results for 
bone, lean, and hide represent a majority of the mineral in the whole body (> 60%).  All mineral composition data are presented on a 
DM basis. 
2
 DOF = F-test for main effect of days on feed; Lin = linear orthogonal contrast of days on feed; Quad = quadratic orthogonal 
contrast of days on feed. 
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Table 3.  Micromineral composition of tissues from Holstein steers serially harvested during a high concentrate finishing 
period
1 
 Tissue Type  P-value
2 
 Bone Lean Hide Internal 
Cavity 
Fat SEM Type Trt DOF 
Na, % 0.52
b
 0.25
c
 0.77
a
 0.12
d
 0.06
e
 0.03 < 0.01 0.56 0.11 
Fe, ppm 289.9
b
 99.1b
c
 796.6
a
 130.2
bc
 10.3
c
 136.7 < 0.01 0.23 0.13 
Zn, ppm 120.3
b
 202.9
a
 57.5
c
 25.1
d
 10.4
d
 12.2 < 0.01 0.10 0.04 
1
All mineral concentrations are shown on a DM basis. 
2
P-value for main effects of tissue type (Type), treatment (Trt), and days on feed (DOF).  The 2-way interactions between 
these effects were not significant (P ≥ 0.13).  While the 3-way interaction was significant (P < 0.01) for Fe and Zn 
concentration, the biological importance of it is likely negligible.   
a,b,c,d,e
 Means within a row without a common superscript differ (P < 0.05). 
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Table 4.  Main effect of zilpaterol hydrochloride (ZH) inclusion in the 
finishing diet of Holstein steers on mineral retention within the whole body 
    P-value
2 
Item CON
1 
ZH SEM Trt DOF Int 
Calcium
3 
      
g/d 25.9 24.2 4.0 0.35 < 0.01 0.98 
g/kg EBW 
gain 
19.4 16.7 2.6 0.02 < 0.01 0.45 
g/100 g 
protein gain 
15.3 13.5 4.7 0.39 0.11 0.87 
Phosphorus       
g/d 13.1 12.8 2.0 0.74 < 0.01 0.99 
g/kg EBW 
gain 
9.8 8.9 1.3 0.12 < 0.01 0.75 
g/100 g 
protein gain 
7.8 7.1 2.4 0.52 0.15 0.88 
Magnesium
 
      
g/d 0.82 0.84 0.29 0.93 0.01 0.87 
g/kg EBW 
gain 
0.18 0.17 0.03 0.56 0.01 0.35 
g/100 g 
protein gain 
0.45 0.44 0.15 0.82 0.34 0.91 
Potassium       
g/d 2.0 2.8 0.46 < 0.01 < 0.01 < 0.01 
g/kg EBW 
gain 
1.4 2.0 0.36 < 0.01 < 0.01 0.01 
g/100 g 
protein gain 
1.2 1.4 0.36 0.14 0.60 0.99 
Sulfur       
g/d 1.7 2.0 0.44 0.09 0.02 0.16 
g/kg EBW 
gain 
0.40 0.43 0.05 0.22 < 0.01 0.70 
g/100 g 
protein gain 
1.0 1.0 0.30 0.90 0.57 0.87 
1
 Treatments consisted of a control group (CON) and cattle fed zilpaterol 
hydrochloride for 20 d followed by a 3 d withdrawal, immediately before 
harvest (ZH).   
2
 P-values include main effects of treatment (CON or ZH) and days on feed 
(DOF) and the interaction between treatment and DOF (Int). 
3
 Mineral retention was calculated from mineral composition of 5 steers 
harvested on d 226 of the finishing period with 5 steers/treatment every 28 
d after that, for 11 more harvest points.   
 
 
Table 5.  Main effect of days on feed on retention of calcium and phosphorus in the whole body of Holstein steers on a high 
concentrate finishing diet 
  Days on feed
1 
  P-value
2 
Item  28 56 84 112 140 196 224 252 280 308 SEM DOF Lin Quad 
Calcium                
g/d  34.3 35.5 28.5 29.5 21.5 17.3 21.2 21.2 21.1 19.8 4.0 < 0.01 < 0.01 0.03 
g/kg EBW gain  25.2 20.6 21.8 21.0 16.8 12.8 15.4 14.9 15.4 16.7 2.6 < 0.01 < 0.01 0.08 
g/100 g protein 
gain 
 11.3 17.3 16.6 13.7 13.5 10.1 11.5 12.0 13.8 24.7 4.7 0.11 0.43 0.96 
Phosphorus                
g/d  18.5 18.4 15.0 15.4 11.1 9.2 10.9 10.8 10.7 9.9 2.0 < 0.01 < 0.01 0.02 
g/kg EBW gain  13.3 10.7 11.4 10.9 8.6 6.8 7.9 7.6 7.8 8.3 1.3 < 0.01 < 0.01 0.06 
g/100 g protein 
gain 
 6.2 9.0 8.6 7.1 6.9 5.4 5.9 6.1 7.0 12.3 2.4 0.15 0.32 0.92 
Magnesium                
g/d  1.6 1.2 0.84 0.83 0.66 0.60 0.67 0.65 0.62 0.61 0.29 0.01 < 0.01 0.01 
g/kg EBW gain  0.10 0.14 0.14 0.17 0.16 0.18 0.21 0.21 0.22 0.24 0.03 < 0.01 < 0.01 0.79 
g/100 g protein 
gain 
 0.56 0.47 0.43 0.40 0.41 0.35 0.36 0.37 0.41 0.71 0.15 0.34 0.81 0.01 
Potassium                
g/d  4.5 3.0 2.8 2.7 2.2 2.1 2.0 1.7 1.7 1.4 0.5 < 0.01 < 0.01 0.02 
g/kg EBW gain  2.9 1.8 2.1 1.9 1.6 1.6 1.5 1.2 1.2 1.1 0.4 < 0.01 < 0.01 0.26 
g/100 g protein 
gain 
 1.5 1.5 1.4 1.2 1.2 1.3 1.1 0.92 1.1 1.7 0.4 0.60 0.05 0.72 
Sulfur                
g/d  3.0 1.9 2.0 2.0 1.5 1.8 1.8 1.5 1.6 1.3 0.4 0.02 < 0.01 0.22 
g/kg EBW gain  0.18 0.22 0.34 0.40 0.37 0.55 0.55 0.50 0.54 0.48 0.05 < 0.01 < 0.01 < 0.01 
g/100 g protein 
gain 
 1.1 1.0 0.97 0.89 0.92 1.1 0.97 0.85 1.0 1.4 0.3 0.57 0.31 0.07 
1
 Mineral retention was calculated from mineral composition of 5 steers harvested on d 226 of the finishing period 
(designated d 0), followed by 5 steers/treatment every 28 d, for 11 additional harvest points.  Due to outliers, d 168 data 
(group 6) were removed.  Retention was calculated from d 0 for each harvest group.   
2
 DOF = F-test for main effect of days on feed; Lin = linear orthogonal contrast of days on feed; Quad = quadratic 
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orthogonal contrast of days on feed.   
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Table 6.  Variation in reported values for mineral retention in cattle 
Reference Cattle Type Diet Ca P Mg K S 
Whole body analysis, g/100 g protein gain       
Rumsey et al. (1985) Hereford steers 70% corn 0.17-7.5 0.02-0.50 0.20-1.40 0.10-0.80  
Whole body analysis, g/d        
Ellenberger et al. (1950) Dairy cattle mix varied 4.2-9.4 2.1-5.4    
Apparent retention, g/d        
Kegley et al. (1991) Hereford steers 80% corn silage 5.9-12.0 0.3-4.5 0.4-1.4   
Knowlton et al. (2001) Lactating 
Holstein cows 
33% corn; 26% 
corn silage 
13.0-27.8 7.0-18.1 -1.1-2.3   
Erickson et al. (2000) Beef steers 33% corn; 20% 
corn bran 
 6.1-6.7    
Delaquis and Block 
(1995) 
Dry dairy cows 70% alfalfa 
haylage 
    7.0-8.4 
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Table 7.  Main effect of zilpaterol hydrochloride (ZH) inclusion in the finishing diet of 
Holstein steers on mineral retention within the whole body using only the first 4 slaughter 
groups 
    P-value
2 
 CON
1 
ZH SEM Trt DOF Int 
Calcium
3 
      
g/d 33.4 30.5 5.8 0.48 0.56 0.89 
g/kg EBW gain 24.0 20.3 3.7 0.17 0.60 0.44 
g/100 g protein 
gain 
17.0 12.5 5.6 0.27 0.69 0.67 
Phosphorus       
g/d 17.1 16.5 2.9 0.77 0.49 0.89 
g/kg EBW gain 12.2 11.0 1.9 0.39 0.49 0.73 
g/100 g protein 
gain 
8.7 6.7 2.8 0.31 0.74 0.71 
Magnesium       
g/d 1.1 1.1 0.45 0.94 0.28 0.63 
g/kg EBW gain 0.14 0.13 0.04 0.57 0.38 0.33 
g/100 g protein 
gain 
0.50 0.42 0.19 0.55 0.84 0.87 
Potassium       
g/d 2.5 4.0 0.69 < 0.01 0.05 0.01 
g/kg EBW gain 1.6 2.7 0.54 0.01 0.20 0.06 
g/100 g protein 
gain 
1.3 1.5 0.44 0.55 0.87 0.94 
Sulfur       
g/d 1.9 2.6 0.67 0.12 0.30 0.23 
g/kg EBW gain 0.25 0.31 0.05 0.11 < 0.01 0.54 
g/100 g protein 
gain 
1.0 0.93 0.27 0.57 0.92 0.76 
1
 Treatments consisted of a control group (CON) and cattle fed zilpaterol hydrochloride 
for 20 d followed by a 3 d withdrawal, immediately before harvest (ZH).   
2
 P-values include main effects of treatment (CON or ZH) and days on feed (DOF) and 
the interaction between treatment and DOF (Int). 
3
 Mineral retention was calculated from mineral composition of 5 steers harvested on d 
226 of the finishing period with 5 steers/treatment every 28 d after that, for 4 more 
harvest points.   
 
 
